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A- Form of Cytoplasmic Domain of nARIA (CRD-Neuregulin) And 
Uses Thereof 

This application incorporates by reference the entire 
disclosures of U.S. Provisional Application No . 60/003 , 380 , 
filed September 7, 1995 and U.S. patent application Serial 
No. 08/697,954, filed September 4, 1996. 

A portion of the invention disclosed herein was made with 
Government support under NIH Grant No. NS29071 from the 
Department of Health and Human Services. Accordingly, the 
U.S. Government may have certain rights in this invention. 

Background of the Invention 

Throughout this application, various publications are 
referenced by author and date^. Full citations for these 
publications may be found listed alphabetically at the end 
of the specification immediately preceding the claims . The 
disclosures of these publications in their entireties are 
hereby incorporated by reference into this application in 
order to more fully describe the state of the art as known 
to those skilled therein as of the date of the invention 
described and claimed herein. 

The development and differentiation of embryonic neurons 
culminates in synapse formation. Neuronal development is an 
intricate process that involves a cascade of inductive 
interactions between a neuron and the pre- and postsynaptic 
partners of that neuron. These highly regulated events are 
important for the establishment of reliable, yet plastic, 
synaptic formation and transmission. Correct expression of 
an array of transmitter-gated channels by neurons is clearly 
essential to synaptic differentiation, and yet the 
developmental regulation of this process is poorly 
understood. In fact, despite overwhelming advances in 
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probing the molecular and biophysical details of ion 
channels gated by gamma -amino butyric acid (GABA) , glycine, 
glutamate and acetylcholine (ACh) (Betz, 1990; Deneris et 
al., 1991; McGehee et al . , 1995; Role, 1992; Sargent, 1993) 
5 the corresponding embryonic versions of these receptors have 
evaded analysis. Characterization of the biophysical 
properties of ligand-gated channels in developing neurons 
and description of their evolution to the mature receptor 
profile is limited (Brussard et al . , 1994; Moss and Role, 
10 1993 ; Margiotta and Gurantz, 1989) . Furthermore, little is 
known about the mechanism of these changes. 

The study of embryonic ligand-gated channels and subsequent 
modifications of their functional profile during neural 

15 development is difficult. Receptor expression prior to 
synaptogenesis is at a low level. Synapse formation is not 
synchronous. In the few cases studied, the developmental 
changes in receptor function are vast (Berg et al. , 1989; 
Engisch and Fischbach, 1992; Arenella et al, 1993; Deneris 

20 et al, 1991; McGehee and Role, 1995; Role, 1992; Sargent, 
19 93) . In the establishment of mature synapses, profound 
alterations in the expression profile of neuronal ligand- 
gated channels occur. In addition to these changes in 
expression levels, changes in the cellular distribution, the 

2 5 subunit composition and the biophysical and pharmacological 

properties occur as well (Margiotta and Gurantz, 1989; Moss 
and Role, 1993 ; Moss et al . , 1989; Devay et al , 1994; 
Arenella et al , 1993; Jacob, 1991; Mandelzys et al, 1994; 
Smith et al, 1983; Vernallis et al, 1993). The interactions 

3 0 between presynaptic and target neurons may play a large role 

in the extrinsic influences which are believed to modify 
receptor function throughout development . The mechanism of 
receptor development remains unclear, however, presynaptic 
input, target cell regulation, synaptic activity or 
35 molecular signals independent of transmission may be 
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involved . 

Diversity of neuronal nicotinic receptors 

One important feature of neuronal ligand-gated channels, 
5 nicotinic acetylcholine receptors (nAChRs) in particular, is 
the diversity of component subunits and the resultant 
diversity in channel subtypes (Boulter et al, 1986; Conroy 
et al . , 1992 ; Grynkiewicz et al. , 1985; Lindstrom et al . , 
1990; Luetje and Patrick, 1991; McGehee and Role, 1995; 

10 Papke and Heinemann, 1991; Ramirez -Latorre et al . , 
submitted; Role, 1992) . Neuronal nAChRs were the first of 
the ligand-gated ion channels studied to display this degree 
of structural and functional complexity. Although nAChRs 
comprise only two distinct subunit types, there are multiple 

15 homologous forms of each subunit encoding gene. There are 
8 neuronal "a" subunit genes (al-a8) and 3 neuronal "S" 
subunit genes (S2-J34) cloned to date (Boulter et al . , 1986; 
Heinemann et al. , 1990; Nef et al . , 1988; Seguela et al . , 
1993 ; Wada et al . , 1989). With this array as a starting 

20 point, there could be more than 10 varieties of pentameric 
nAChR complexes (McGehee et al . , 1995 and Role, 1992). 
Study of native nAChRs indicates that the actual number of 
subunit combinations is less than theory would predict. 
Biochemical, immunochemical, and antisense deletion 

25 experiments to identify native compositions of nAChRs 
demonstrate that relatively few subunit combinations are 
likely to be found in native nAChRs. For example, the 
nAChRs expressed by autonomic and habenula neurons have been 
studied in detail (Brussard et al . , 1994; Devay et al . , 

30 1994 ; Listerud et al . , 1991; Clarke et al . , 1986) and 
provide specific examples of the subunit composition of each 
nAChR channel subtype expressed. In view of the documented 
evolution of these neuronal nAChR channels during embryonic 
development, and the array of molecular and biophysical 

35 tools available to study these channels in detail, an 



understanding of the developmental regulation of nAChR 
subunit and channel subtype diversity may be close at hand. 
Numerous studies implicate the interaction during the 
formation of synaptic connections between the presynaptic 
and postsynaptic cells in the development of mature neuronal 
receptors (Arenella et al . , 1993 ; Boyd et al . , 1988; 
Brussaard et al . , 1994b; Brussaard et al . , 1994; Devay (in 
preparation; Devay et al . , 1994; Gardette, et al . , 1991; 
Jacob 1991; Levey et al . , 1994; Mandelzys et al . , 1994; Moss 
et al . , 1989) . 

Regulation of neuronal phenotype during development: 
contribution of target interactions. 

Neuronal differentiation is induced by the interaction of 
developing neurons with target cells. One example is that 
of the evolution of transmitter phenotype in a special class 
of sympathetic neurons that evolve from an adrenergic to a 
cholinergic phenotype in the course of normal development. 
Although early on, these neurons synthesize, package and 
release catecholamines, the formation of synapses with the 
target sweat glands is accompanied by a change in 
transmitter expression that ultimately produces a mature 
cholinergic phenotype. This change in transmitter 

expression requires both pre- and postsynaptic signals. 
Thus, catecholamine release from the embryonic neuron is 
required to induce the release of a cell differentiation 
f actor\leukemia inhibitory factor (CDF/LIF) -like factor 
called sweat gland factor (SGF) from the presumptive sweat 
glands. SGF, released via activation of target adrenergic 
receptors, interacts, with specific receptors on the 
innervating neuron. SGF induces the cellular machinery 
required for ACh synthesis and release in the presynaptic 
neuron. Thus, the attainment of a mature transmitter 
phenotype is regulated by both synaptic activity and target 
derived signals, offering an explanation for how the 
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innervation of target tissues regulates nAChR expression in 
CNS and PNS neurons . 



This example is one of many implicating target -derived 
5 factors in the control of neuronal survival, proliferation, 
differentiation, migration, and neurite outgrowth. Although 
there are many factors that could mediate target effects on 
neuronal differentiation, the expression patterns and 
biological activities of factors identified to date identify 

10 a few candidates for proposed studies of nAChR regulation. 
(1) Ciliatory neurotropic factor (CNTF) mimics the effect of 
SGF in inducing a cholinergic phenotype . It has also been 
shown to promote differentiation of sympathetic precursor 
cells and likely participates in target - induced changes in 

15 nAChR expression. CNTF is expressed in numerous sympathetic 
targets including smooth muscle and kidney. (2) Activin and 
related members of the Transforming Growth Factor £ (TGFS) 
family, can also regulate the differentiation of the 
transmitter phenotype in autonomic neurons. These factors 

2 0 are expressed in sympathetic targets such as smooth muscle, 

sweat glands etc. (3) CDF/LIF mimics SGF by inducing a 
cholinergic phenotype. This factor is secreted by smooth 
muscle and heart muscle. Although less is known about 
either the activity or the distribution of these factors in 
25 the central nervous system (CNS) , it is likely that CNS and 
peripheral nervous system (PNS) neurons may be regulated by 
similar signaling molecules. 

Regulation of receptor synthesis and distribution in muscle: 

3 0 contribution of presynaptic signals 

Classical studies of Fischbach, Cohen, and McMahan of the 
nerve-muscle junction demonstrate that the incoming motor 
nerve is a potent regulator of muscle-nAChRs . Prior to 
innervation, muscle expresses an embryonic form of nAChR 
35 which is diffusely distributed over the cell surface. The 
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expression of the muscle-nAChR is eventually downregulated 
to a diffuse distribution. Elimination of muscle -nAChRs bv 
innervation is accompanied by an increase in local 
synthesis, insertion and formation of high-density clusters 
5 of muscle-nAChR at the synaptic site. At later stages of 
synaptic development, there are marked changes in the 
biological properties of muscle-nAChR channels due to 
alterations in subunit gene expression. This produces 
"adult" type muscle-nAChR complexes of distinct subunit 

10 composition. Molecular signals that are believed to mediate 
these changes in muscle-nAChR distribution and synthesis 
have been identified and cloned, namely, agrin and Z^ChR 
inducing Activity (ARIA) . Recombinant agrin alters the 
distribution of pre-existent muscle-nAChRs with no effect on 

15 synthesis or insertion of new receptors. In contrast, 
recombinant ARIA induces muscle-nAChR subunit gene 
expression, increasing the rate of appearance of new surface 
receptors from 3-5%/hr to 10-20%/hr. 

20 It is possible that there are common regulatory mechanisms 
between nAChR and muscle-nAChR. It is believed that nAChRs 
on both CNS and PNS neurons evolve from low density and 
diffuse distribution to clustered and highly dense synaptic 
patches following innervation. Finally, like muscle-nAChRs, 

25 there are marked changes in the biophysical properties of 
nAChRs during development and presynaptic input may induce 
some of these changes, e.g., channel conductance and opening 
frequency . 

30 Despite the essential role of ligand-gated ion channels in 
synaptic transmission between neurons, little is known about 
changes in their expression, function, distribution and 
subunit composition during neural development. Nicotine- 
induced enhancement of acquisition and consolidation of 

35 short term memories is believed to be mediated by 
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presynaptic nAChR activation since this activation 
facilitates a broad array of CNS synapses- In view of the 
impact that developmental changes in nAChRs have on neuronal 
excitability, synaptic efficacy and synaptic plasticity, 
5 studies of the regulatory controls of nAChR expression are 
essential. One avenue of study focuses upon the 

proteinaceous factors that appear to modulate receptor gene 
expression. One factor previously identified and cloned is 
heregulin (See Vandlen and Holmes, U.S. Patent No. 
10 5, 367, 060) . 



To date, 10 different proteins that result from alternative 
splicing of the heregulin gene have been described. Among 
these are the growth factors neu differentiation factor 

15 (NDF) (Wen et al . , 1992), glial growth factor (GGF) 
(Marchicnni et al . , 1993), ARIA (Falls et al, 1993 ; 
Fischbach et al . , 1994), and the heregulin isoforms (Holmes, 
1992 ; Wen et al . , 1994). The reported isoforms are 
principally membrane bound proteins which can be solubilized 

2 0 by proteolysis. The extracellular domains of these proteins 
consist of an N-terminal domain followed by an 
immunoglobulin- like (Ig-like) domain, a linker region, an 
EGF-like domain, and a second linker region (Figure 5) . 
These proteins are ligands for the epidermal growth factor 

25 (EGF) family of receptor tyrosine kinases. Binding of the 
ligand to the EGF receptor family members erbB3/HER3 or HER4 
results in activation of the tyrosine kinase activity of the 
receptor. Other family members can be activated by trans- 
phosphorylat ion via the activated members. 

30 

Other members of the heregulin/NDF/ARIA family have been 
described in previous patent publications. PCT 
International Publication No. WO 94/08007, published April 
14, 1994, entitled "Trophic factor having ion channel- 
35 inducing activity in neuronal cells" describes neurotrophic 
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factors designated as ARIA, which are able to induce the 
formation of ion channels. This publication also shows how 
ARIA is associated with both nervous tissue and skeletal 
muscle. ARIA has an Ig-like domain and an EGF-like domain 
5 in the extracellular region. U. S. Patent No. 5,367,060, 
issued November 22, 1994, entitled "Structure, production 
and use of heregulin", from U.S. Serial No. 847,743, filed 
March 6, 1992 by Richard L. Vandlen and William E . Holmes, 
discloses a polypeptide with a binding affinity for the 
10 pl85~~'^ receptor. Vandlen and Holmes also disclose 
purification methods required to isolate heregulin and uses 
of the heregulins and antibodies specific to the heregulins 
as therapeutic agents. This polypeptide is related to but 
distinct from the ARIA protein. 

15 
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fiiiTmna- ry of the Invention 

This invention provides an assay for diagnosing whether a 
subject has or is predisposed to developing a neoplastic 
disease which comprises: a) obtaining a biological sample 
5 from the subject; b) contacting the sample with an agent 
that detects the presence of an extracellular domain of 
nARIA (CRD-neuregulin) or an isoform thereof; c) measuring 
the amount of agent bound by the sample; d) comparing the 
amount of agent bound measured in step c) with the - fchc 

10 amount of agent bound by a standard normal sample, a higher 
amount bound by the sample from the subject being indicative 
of the subject having or being predisposed to developing a 
neoplastic disease. One embodiment of this invention is a 
method for maintaining synaptic connections between a neuron 

15 and a target cell comprising contacting the target cell with 
an nARIA polypeptide or a nucleic acid molecule encoding 
nARIA in an amount sufficient to induce the formation of a 
synaptic junction . 
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Brief Description of the Figures 

Figures 1A-1C: Nucleotide sequence of chicken nARIA (SEQ ID 
NO: 1) . 

5 A nucleic acid sequence encoding a splice variant from the 
heregulin gene is shown. This sequence is a compilation of 
the sequences derived from the ExoIII deletion series on the 
pBluescript II KS ( + ) subclone of phage #3 from a chick E13 
total brain cDNA library screened with a rat pro-heregulin 

10 beta 1 probe generated by PCR amplification. The sequence 
was determined using the M13 reverse primer. The length is 
3212 bases. The break in homology to the ARIA sequence 
occurs at a known splice site. The nucleotide sequences 
from base pair number 1293 downstream to the poly-A tail of 

15 the nARIA clone are identical to ARIA. The sequences 
upstream from base pair number 12 93 encode a unique splice 
variant (i.e. bp 1293-bp 3212), nARIA. 

Figure 2: Amino acid sequence of chicken nARIA (SEQ ID NO: 

20 2) . 

An amino acid sequence encoding a splice variant from the 
heregulin gene is shown. This sequence is a compilation of 
the sequences derived from the ExoIII deletion series on the 
pBluescript II KS ( + ) subclone of phage #3 from a chick E13 
25 total brain cDNA library screened with a rat pro-heregulin 
beta 1 probe generated by PCR amplification. The sequence 
was arrived at using the Ml 3 reverse primer. The length is 
1070 amino acids. The asteriks denote unclear results at 
these stop codons . 

30 

Figure 3 : Nucleotide sequence of the unique portion of the 
human nARIA gene (SEQ ID NO: 3) . 

A nucleic acid sequence encoding the human nARIA (hnARIA) a 
splice variant from the heregulin gene, nARIA is shown. The 
3 5 product was subcloned into pBluescript II KS ( + ) the 5' end 
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of the transcript is at the M13 end of the multiple cloning 
site (MCS) . The length is 1351 bases. The unique portion 
of nARIA spans from base 93 to base 758 . 

5 Figure 4: Amino Acid sequence of the unique portion of the 
human nARIA protein (SEQ ID NO: 4) . 

An amino acid sequence encoding the unique portion of the 
human nARIA is shown. The product was subcloned into 
pBluescript II KS (+) the 5' end of the transcript is at the 
10 M13 end of the MCS. The length is 44 9 amino acids. 

Figures 5A-5B: Comparison of gene structure of nARIA with 
ARIA 

(A) Comparison of the gene structure of the chicken nARIA 
15 cDNA with ARIA human nARIA, heregulin, and NDF . (B) 
Comparison of the exon structure of splice variants of the 
ARIA/NDF/Heregulin gene. The sequence we cloned (nARIA) has 
a unique N terminal domain devoid of Ig-like repeats common 
to other ARIA variants. 

20 

Figure 6: Stage E13 multiple tissue Northern blot. 

Multiple tissue Northern blots were screened with probes 
specific for unique domains of nARIA and were compared with 
those probed with an ARIA specific probe. The ARIA probe 
25 indicates that this form is present in skeletal muscle 
(pectoral muscle) whereas expression of nARIA is restricted 
to nervous tissue. 

Figure 7: Developmental Northern analysis of ARIA and nARIA 
3 0 in the chick hindbrain and cerebellum 

Northern blot analysis was performed on RNA samples from 
chick embryonic stages E4 through E16 . Oligonucleotide 
probe specific for either nARIA or ARIA were used as probes. 
(H-hindbrain; C-cerebellum. ) 



35 
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Figures 8A-8B: RT-PCR analysis of the developmental 
expression pattern of nARIA in the chick brain compared with 
ARIA. 

(A) The developmental expression pattern of nARIA and ARIA 
in chick brain as detected by RT-PCR is shown . (B) Relative 
quantification of ARIA and nARIA mRNA levels normalized with 
actin mRNA levels is shown. 

Figures 9A, 9B and 9C: nARIA and ARIA expression in the 
developing chick spinal cord as detected by PCR and Northern 
hybridization analysis. 

(A) Northern blot of ARIA (top) and nARIA (bottom) . All 
probes and primers are directed against sequences specific 
to nARIA and/or ARIA, Northern analysis indicates the mRNA 
of nARIA is detectable by E3 and robust by E4 whereas 
initiation of ARIA expression occurs later (E6-8) and is 
detectable at E6 , but not robust until E8 . (B) PCR 

detection of mRNA expression of ARIA and nARIA in developing 
chick spinal cord. Note specificity of primers tested on 
full length cDNAs (NA, A) (-RT: no reverse transcriptase 
reaction; NA - nARIA positive control; A - ARIA positive 
control) . (C) Comparison of nARIA and ARIA mRNA levels 
relative to actin. 

Figures 10A-10D: In situ hybridization of chick EDS trunk 

cross - section of neural tissue with probes specific for 
nARIA and ARIA. 

The probe specific for nARIA contains the Cys-rich domain 
and the probe specific for ARIA contains the Ig domain. 
Different patterns of expression are observed. A positive 
signal is observed in the presumptive preganglionic neurons 
with the nARIA probe but not with the ARIA probe. (A-D) EDS 
trunk cross section. (A, C) nARIA specific probe. (B,D) ARIA 
specific probe. 
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Figures 11A, 11B and 11C: nARIA induces tyrosine 
phosphorylation . 

(A) Phosphorylation of MCF7 cell line demonstrating activity 
of both recombinant ARIA and nARIA as ligands for tyrosine 

5 kinase- linked receptors. Dose (A) and time (C) dependence 
of ARIA (A) and nARIA (A,C) phosphorylations in MCF-7 cells. 

(B) Comparison of recombinant nARIA and ARIA tyrosine 
phosphorylation of E9 lumbar sympathetic ganglia (LSG) . 

Figure 12: Anti Phosphotyrosine Western Blot of MDA-MB-453 
cells treated with conditioned media. 

Media conditioned by C0S1 or HEK293 cells transiently 
transfected with the nARIA clone (sense configuration) 
activates tyrosine kinase activity in the breast tumor cell 
lines MCF7 or MDA-MB-453 above the basal levels of tyrosine 
kinase activity (antisense configuration) . The levels of 
phosphorylation of EGFR family members relative to one 
another was different between ARIA and nARIA. 

Figures 13A-13D: Electrophysiological assay of transmitter 
gated macroscopic currents. 

(A,C) ACh-evoked current. ( B , D ) GABA-evoked response. 
Treatment of primary cultures of sympathetic neurons from 
Ell chicks with recombinant nARIA for two days increases the 
magnitude of macroscopic currents activated by acetylcholine 
and appears to decrease the currents gated by GABA. 

Figures 14A-14B: nARIA enhances expression of the nAChR 
subunit genes ot3 , a5, a7 and £4 and increases the magnitude 

3 0 of I P (ACh) . 

(A) Assay of nAChR subunit gene expression in E9 neurons 
maintained in vitro for 3 days and then treated for 24 hrs 
with 10 fxl of recombinant nARIA (left) of ARIA (right) by 
quantitative RT-PCR. (B) Assay of I? (A ch) in neurons 
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maintained in vitro for 3 days and then treated for 4 8 hrs 
with 10 fil of recombinant nARIA or ARIA or antisense 
construct of each (control) . Macroscopic currents evoked by 
SOO^uM ACh. Peak current (Ip- :r ) analyzed with non 

5 parametric tests appropriate for non-normally distributed 
values. Box-plots reveal the mid 50% of the data, whiskers 
delineate the 90% distribution. * indicates outliers. The 
nARIA induced increase and ARIA induced decrease in (I?; A cr. ) 
peak current are significant vs antisense controls at 
10 p<0.01, respectively. 

Figure 15 : Comparison of the affinity of nARIA vs ARIA for 
heparin sulfate proteoglycan. 

MCF7 breast tumor cells were treated with conditioned media 
15 from either ARIA or nARIA transiently transfected C0S1 
cells. Some of the media was prebound with heparin attached 
to glass beads. Prior to treatment, the beads were pelleted 
by centr if ugat ion to remove any heparin associated proteins. 
The supernatant was used to treat the MCF7 cells and 
20 tyrosine phosphorylation of the ARIA/nARIA receptor was 
analyzed . 

Figure 16: The anti-nARIA antibody is specific for 
recombinant nARIA 

25 

Figure 17: Anti-nARIA antibodies reveal targeting of nARIA 
to axon terminals at CNS and PNS synapses 

Figure 18: nARIA induction of nAChR expression is more 
3 0 potent than the Ig-containing isoforms. 

Figure 19: Deletion of nARIA with isoform- specif ic antisense 
oligonucleotides reveals that nARIA is both necessary ans 
sufficient for the regulation of nAChR expression by 
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presynaptic input . 

^ U1LJ jh u tm in jhoMJ im u ibear 2G/DI to Gl/Sl l c r ru ^und tr > 
-P iyuarco lL-IiLirrcd to in pageo ft 5 - 



Figure 20: Disruption of CRD - NRG -1 gene products. 

(A) Schematic diagram of a- form neuregulin-1 gene 
products (.a- forms differ from a-forms in the EGF-like 
domain) . Splice variants of the NRG - 1 gene and the 
various nomenclatures used in the literature are shown . 
a,b,c refer to three variants of the cytoplasmic domain. 



Ext, extracellular, Tm, transmembrane, CYTO, cytoplasm. 

(B) Schematic diagram of the wild-type CRD-containing 
allele, the targeting vector, and the mutated allele. The 
barbell indicates the site of the nonsense mutation/Xba 

5 1 site. Arrow and circled X schematically indicate that 
the nonsense mutation creates a translation stop codon. 
Note that the neo cassette is inserted in the antisense 
orientation into the intron 3' to the CRD-exon. 

(C) Southern blot analysis of genomic DNA. Left. 
10 EcoRl/Eco RV double digest, with probe A; Right, Xba I 

digest, with probe B. 

(D) Southern Blot analysis of cDNA to examine neonatal 
neuregulin-1 transcripts. Top. Schematic representation 
of CRD and Ig containing neuregulin-1 cDNAs . Arrowheads 

15 are per primers; solid bands are Ig and TM oligo probes 
used for Southerns; hatched area is CRD-specific otigo 
probe. Note the presence of CRD-containing , Ig- 
containing, and EGF-TM-cytoplasmic containing transcripts 
in CRD -NRG - 1 (+/+) and CRD -NRG - 1 { ~ / ~ ) mice and that CRD 

20 transcripts are digested with Xba I only in CRD-NRG-1 ( /_> 
mice . 

(E) a Newborn CRD-NRG-1 (_/_) mice lack spontaneous 
movement and are cyanotic. b,b' Whole-mount in situ 
hybridization with CRD-specific probe of Ell CRD - NRG - 1 (+/ ~ 

25 ) & { ~ / ~ ) mice. N5g, trigeminal: NlOg, vagal ganglia; sc, 
spinal cord; drg , dorsal root ganglia. c,c' Paraffin- 
section of PO lung stained with H&E . (c) asterisks 
indicate expanded alveoli in CRD-NRG-T (+/_) mice, (c') 
carets point to collapsed airspaces in CRD-NRG-1 (_/_) 

3 0 mice . 



-18- 

Figure 21: Defective Neuromuscular Synaptogenesis in CRD- 
NRG-1 ( - /- ) mice . 

(A) a, a 1 Immunofluorescence labeling (100X) of PO 
diaphragm with ant i -neurofilament antibodies (red) or 
with b,b' ant i -neurofilament antibodies (red) & a- 
bungarotoxin (aBgTx) (green) . (a') arrows point to remnant 
neurofilament ( + ) staining in mutants, carets (b) and 
arrow(b') point to colocalization of neurofilament and 
aBgTx staining. c,c' Acetylcholinesterase staining (AChE) 
(400X) of PO diaphragm, (c) carets point to strong, 
aligned AChE staining in controls, (c 1 ) arrows point to 
weak, scattered AChE staining in mutant. d,d' H&E 
staining of fresh-frozen PO diaphragm muscle, (d) carets 
indicate eccentric, peripheral nuclei, (d') arrows point 
to central nuclei. (B) f,f Immunofluorescence with anti- 
neurof ilament antibodies (red); ,g,g' anti- 

neurof ilament and ant i - synaptophysin antibodies (red) & 
aBgTx (green) ; h,h' ant i -neurofilament antibodies (green) 
Sc anti-SlOOa antibody (red). (e,e') E18.5 intercostal 
muscle (400X) , (e) asterisks point out overlap of 
neurofilament and aBgTx, (e>) arrows indicate examples 
where staining does not overlap. f,f E14 . 5 diaphragm 
(100X) . (f) asterisks indicate normal branching pattern 
of phrenic nerve and termination of intradiaphragmat ic 
branches in central region of muscle , ( f ) arrows 
highlight def asciculated axons with irregular branching 
patterns , repeated neurite crossings , and aberrant 
extension to the most lateral edges of the diaphragm. 
g,g' E14.5 diaphragm (400X). (g) asterisks indicate the 
organized endplate zone where nerve terminals overlie 
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clusters of aBgTx- labeled AChRs . (g j ) arrows indicate 
examples where synaptophysin & aBgTx do not overlap. Note 
disorganized endplate zone with nerve terminals 
approaching AChRs from many directions and some nerve 
terminals passing over aBgTx staining h.h' E14 . 5 
diaphragm (400X) . arrows in (h) indicate S100a(+) cells 
along peripheral nerves absent in (h 1 ) . 

Figure 22: Abnormal projections and subsequent 



(-/-> 



mice . 



degeneration of peripheral nerves in CRD -NRG- V 

(A) a, a' In situ hybridization with vesicular ACh 
transporter (VAT) -specific probe of 10 fxm sections 
through cervical enlargement of E18.5 spinal cord (200X) . 
b Number of motor neurons present in spinal cord levels 
C1-C6 in control and mutant embryos (n=3 for each age and 
genotype) . c,c' Whole-mount immunostaining of E12 . 5 limb 
with a-Tubulin III antibody (70X) . (c) black and yellow 
asterisks show splayed nerve terminations of spinal 
nerves and cutaneous sensory projections in controls, 
respectively. (C) black and yellow arrows indicate 
bulbous, compact terminations of spinal nerves and 
cutaneous sensory projections in CRD - NRG -V ( " /_) mice, 
respectively. (B) d,d' In situ hybridization with erbBS- 
specific probe of 10 ptm sections through cervical 
enlargement of E18.5 spinal cord (200X) . d asterisks 
indicate sensory root lined with erbB3 ( + ) cells, d 1 
arrows point to the sensory root that is devoid of 
erbB3 ( + ) cells . e,e',f,f Whole-mount immunostaining of 
E12.5 embryos with a-Tubulin III antibody (70X); Imb, 
limb, (e,e') asterisks and arrows indicate the cervical 
sensory cutaneous projections. (f,f) asterisks and arrows 
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point to trunk lateral cutaneous sensory branches. g#g j 
Immunofluorescence with anti-VAT antibodies of E18.5 
hindlimb muscle (green) (200X) . Asterisks (g) & arrows 
(g 1 ) arrows point to nerve terminals. h,h r Whole -mount in 
5 situ hybridization of E12 embryos with erbBS - specif ic 
probe (70X) . (h) asterisks point to erb3 ( + ) staining 
along peripheral nerves emanating from caudal spinal cord 
levels, (h 1 ) arrows point to peripheral nerves which show 
decreased erbB3 (+) staining . Note that embryo in (h 1 ) is 

10 older than embryo in (h) . Immunofluorescence with 

ant i -neurofilament antibodies (green) & anti-SlOOa 
antibody (red) (400X) . (i) asterisks indicate 

colocalizat ion of neurofilament & SlOOa staining in nerve 
terminations of control, (i 1 ) yellow arrows point to 

15 colocalizat ion of neurofilament and SlOOa along 
preterminal branches; white arrows point to nerve 
terminations devoid of SlOOa staining. 

Figure 23: Hindbrain Deficits and Loss of Schwann ceil 

2 0 precursors in CRD -NRG - 1 ( ~ / ~ ) mice. 

(A) a-b In situ hybridization of 10 /xm transverse serial 
sections of trigeminal ganglion of E14 . 5 embryos, (a) 
CRD -NRG- 1 -specific probe (100X) . (b) Pan -NRG- 1 -specific 
probe (100X) . c-e In situ hybridization of 10 fim coronal 

25 serial sections of vibrissa follicles of E18.5 embryos, 
(c) CRD-specific probe (200X) ; (d) erbBS-specif ic probe 
(200X) ; (e) erbB4 -specif ic probe (200X). f,g In situ 
hybridization of 10 ^m coronal sections of E18.5 embryos 
with CRD-NRG- 1 - specif ic probe, (f) trigeminal motor 

30 nucleus (200X) (g) facial motor nucleus (200X) . (B) h, h' 
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Whole-mount immunostaining of Ell embryos (70X)with anti- 
p-tubulin III antibody, (h') Arrows indicate the onset of 
abnormal branching of cranial nerve projections N5n man & 
N7n. N5g, trigeminal; N7g/N8g, vestibulo-cochlear ; N9g, 
5 petrosal; NlOg, nodose ganglia; op, opthalmic, max, 
maxillary, man, mandibular branches of N5n, trigeminal 
nerve; N7n, facial; NIOn, vagus; Nlln, spinal accessory; 
N12n, hypoglossal nerve; C1,C2 cervical dorsal root 
ganglion and cervical spinal cord projections. In 

10 situ hybridization with erbBS - speci f ic probe of 
trigeminal ganglion of E14 . 5 embryos, (i) asterisks 
indicate peripheral projections lined with erbB3(+) 
cells. T-bar indicates the width of nerve (100X) . (i 1 ) 
arrows point to the peripheral nerve projection in 

15 mutants (100X) . (j/j 1 ) Whole-mount in situ hybridization 
with erbBS- specific probe of E12 embryos (70X) . (j) 
black and green arrows point to erbBS -posit ive cells 
along Nlln and its convergence with NIOn and along 
peripheral nerve projections of cervical dorsal root 

20 ganglia, respectively. White arrows point to 
erbB3 ( + ) positive cells in developing muscle, (j') black 
and green arrows point to the dramatic loss of erbB3 (+) - 
staining along Nlln, the coalescence of NIOn, and along 
the projections of cervical dorsal root ganglia, 

25 respectively. White arrowhead points to the remaining 
erbBS staining in developing muscle in CRD-NRG- c ~ /_) mice. 
k^'/l/l 1 In situ hybridization of E18.5 coronal sections 
through hindbrain with a vesicular ACh transporter (VAT) - 
specific probe. Note the reduction in size of facial 

30 motor nucleus (50X) (k vs k 1 ) and of trigeminal motor 
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nucleus (200X) (I vs I 1 ) and abnormal cell migration 
(arrows, k') in CRD -NRG- 1 w_) mice. Aq, aqueduct of IVth 
ventricle, m, midline, LOT, lateral dorsal tegmenal 
nucleus,- PBr t parabrachial nucleus; N6n, abducens nucleus; 
5 N7n, facial nucleus. Dotted line in k,k' indicates the 
midline, m. 
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Detailed Description of the Invention 



10 



This invention provides an isolated nucleic acid molecule 
encoding nARIA. This nucleic acid molecule may encode 
human nARIA (hnARIA) , wherein the nucleic acid comprises the 
sequence shown from base 93 to base 758 of Figure 3 . This 
invention also provides for an isolated nucleic acid 
molecule encoding nARIA, wherein the nucleic acid molecule 
encodes chicken nARIA (cnARIA) which comprises the sequence 
shown from base 608 to base 1234 of Figure ^. The nucleic 
acid molecule may be DNA, cDNA or RNA. The isolated nucleic 
acid molecule encoding nARIA includes nucleic acids encoding 
functionally equivalent variants or mutants of nARIA 
including nucleic acid molecules which, due to the 
15 degeneracy of the genetic code, code for nARIA polypeptide, 

such as the polypeptides shown in Figures 2^ and 4/.^^-*"^ A^- *0 

The isolated nucleic acid molecule encoding nARIA includes 
nucleic acids encoding biologically active variants of 

20 nARIA. This includes nucleic acid molecules which are 
capable of specifically hybridizing with an nARIA sequence. 
Biologically active variants may include nucleic acid 
variants which have at least 75% amino acid sequence 
identity with an nARIA sequence, more preferably at least 

25 80%, even more preferably at least 90% and most preferably 
at least 95%. Identity or homology with respect to an nARIA 
sequence is defined herein as the percentage of amino acid 
residues in the candidate sequence that are identical with 
nARIA residues in Figures 2t> and 4, after aligning the 

A 

3 0 sequences and introducing gaps, if necessary, to achieve the 
maximum percent homology, and not considering any 
conservative substitutions to be identical residues. None 
of N- terminal, C-terminal or internal extensions, deletions, 
or insertions into nARIA sequence shall be construed as 

35 affecting homology. The isolated nucleic acid molecule 
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encoding nARIA also includes any splice variants 
nARIA biological activity as defined hereinafter. 



having 



As used herein, the purified nARIA polypeptide includes 
5 biologically active nARIA polypeptides which include each 
expressed or processed nARIA sequence, fragments thereof 
having a unique consecutive sequence of at least 5, 10, 15, 
20, 25, 30 or 40 amino acid residues as shown in the 
underlined regions in Fiqures 2 and 4 . Bioloqically active 

10 amino acid variants of nARIA include a polypeptide wherein 
an amino acid residue has been inserted N- or C- terminal 
to, or within the nARIA sequence. Amino acid sequence 
variants include nARIA wherein an amino acid residue has 
been replaced by another residue, nARIA polypeptides 

15 including those containing predetermined mutations by, e.g. 
site-directed or PCR mutagenesis. nARIA includes nARIA from 
such species as rabbit, rat, porcine, non-human primate, 
Drosophila, equine, murine, opine, human and chicken and 
alleles or other naturally occurring variants of the 

20 foregoing; derivatives of nARIA wherein it has been 
covalently modified by substitution, chemical, enzymatic or 
other appropriate means with a moiety such as an enzyme or 
radioisotope. nARIA may be labeled with a detectable moiety 
including a fluorescent label, a biotin, a digoxigenin, a 

25 radioactive atom, a paramagnetic ion, and a chemiluminescent 
label. This invention also provides for glycosylat ion 
variants of nARIA (as in the insertion of a glycosylat ion 
site or deletion of any glycosylat ion site by deletion, 
insertion or substitution of an appropriate residue) ; and 

3 0 soluble forms of nARIA, such as nARIA which lacks a 
functional transmembrane domain. 



35 



As used herein, the purified nARIA polypeptide includes 
amino acid variants of nARIA which are prepared by 
introducing appropriate nucleotide changes into nARIA 



-18- 

nucleic acid or by in vitro synthesis of the desired nARIA 
polypeptide. Such variants include, for example, deletions 
from, or insertions or substitutions of, residues within the 
amino acid sequence shown for human nARIA sequence . Any 
5 combination of deletions, insertion, and substitution can be 
made to arrive at the final construct, provided that the 
final construct possesses the desired characteristics. The 
amino acid changes also may alter post - translat ional 
modifications of nARIA, such as changes in the glycosylat ion 
10 sites, altering the membrane anchoring characteristics, 
altering the location of nARIA by inserting , deleting or 
otherwise af f ect ing the transmembrane sequence of native 
nARIA or modifying its susceptibility to proteolytic 
cleavage . 

15 

This invention also provides for fusion proteins which 
contain nARIA polypeptide linked to an unrelated protein 
domain (s) . The fusion proteins may be created by the 
insertion of amino- and/or carboxyl -terminal fusions ranging 

20 in length from one residue to polypeptides containing a 
hundred or more residues, as well as int rasequence 
insertions of single or multiple amino acid residues. 
Intrasequence insertions (i.e. insertions within the nARIA 
sequence) may range generally from about 1 to 10 residues, 

25 or preferably 1 to 5, and most preferably 1 to 3. Examples 
of terminal insertions include nARIA with an N-terminal 
methionyl residue (an artifact of the direct expression of 
nARIA in bacterial recombinant cell culture) , and fusion of 
a heterologous N-terminal signal sequence to the N-terminus 

30 of nARIA to facilitate the secretion of mature nARIA from 
recombinant host cells. Such signal sequences generally 
will be obtained from, and thus be homologous to, the 
intended host cell species. Suitable sequences include STII 
or 1 pp for E. coli, alpha factor for yeast, and viral 
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signals such as herpes gD for mammalian cells. 

Other insertional variants of nARIA may include the fusion 
of the N- or C-terminus to an immunogenic polypeptide, e.g., 
5 bacterial polypeptides such as bet a - lactamase or an enzyme 
encoded by the E. coli trp locus, or yeast protein, bovine 
serum albumin, or chemotactic polypeptides. 

As used herein, the purified nARIA polypeptide includes 
10 amino acid substitution variants. These variants have at 

least one amino acid residue in the nARIA molecule removed 

and a different residue inserted in its place. The sites of 
. greatest interest for substitutional mutagenesis include a 

site (s) identified as an active site(s) of nARIA, and sites 
15 where the amino acids found in nARIA ligands from various 

species are substantially different in terms of side-chain 

bulk, charge, and/or hydrophobic ity . 

The amino terminus region of the cytoplasmic region of the 
2 0 nARIA may be fused to the carboxy terminus of heterologous 
transmembrane domains and receptors, to form a fusion 
polypeptide useful for intracellular signalling of a ligand 
binding to the heterologous receptor. 

25 Other sites of interest are those in which particular 
residues of the purified nARIA polypeptide obtained from 
various species are identical . These positions may be 
important for the biological activity of nARIA. These 
sites, especially those falling within a sequence of at 

30 least three other identically conserved sites, are 
substituted in a relatively conservative manner. Such 
conservative substitutions may be known as "preferred 
substitutions" and may include: valine substituted for 
alanine; lysine for arginine; glutamine for asparagine; 
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glutamate for aspartate; serine for cysteine; asparagine for 
glutamine, aspartate for glutamate; proline for glycine; 
arginine for histidine; leucine for isoleucine; arginine for 
lysine, leucine for methionine, leucine for phenylalanine; 
glycine for proline, threonine for serine; serine for 
threonine; tyrosine for tryptophan; phenylalanine for 
tyrosine and leucine for valine. 

Substantial modifications in function or immunological 
identity of the purified nARIA polypeptide are accomplished 
by selecting substitutions that differ significantly in 
their effect on maintaining (a) the structure of the 
polypeptide backbone in the area of the substitution, for 
example as a sheet or helical conformation, (b) the charge 
or hydrophobicity of the molecule at the target site, or (c) 
the bulk of the side-chain. Naturally occurring residues 
are divided into groups based on common side chain 
properties: hydrophobic; neutral hydrophilic; acidic; basic; 
residues that influence chain orientation and aromatic. 
Non- conservative substitutions will entail exchanging a 
member of one of these classes for another. Such 
substituted residues may be introduced into regions of nARIA 
that are homologous with other receptor ligands, or, more 
preferably, into the non -homologous regions of the molecule. 

This invention provides for the creation of a combinatorial 
library of potential nARIA homologs which can be generated 
from a degenerate oligonucleotide sequence. Chemical 
synthesis of a degenerate gene sequence can be carried out 
in an automatic DNA synthesizer, and the synthetic genes can 
then be ligated into an appropriate vector for expression. 
The synthesis of degenerate oligonucleotides is well known 
in the art (see Sambrook, et al . , 1989; U.S. Patents Nos . 
5,223,409; 5,198,346 and 5,096,815. The purpose of making 
such a library is to provide in one mixture, all of the 



sequences encoding the 
sequences. This mixture 
particular affinities , 
functionalities . 

5 

This invention also provides for a replicable vector which 
contains nARIA sequence and a host cell containing this 
vector. This expression vector may be a prokaryotic 
expression vector, a eukaryotic expression vector, a 

10 mammalian expression vector, a yeast expression vector, a 
baculovirus expression vector or an insect expression 
vector. Examples of these vectors include PKK233-2, pEUK- 
Cl, pREP4, pBlueBacHisA, pYES2, PSE280 or pEBVHis. Methods 
for the utilization of these replicable vectors may be found 

15 in Sambrook, et al . , 1989 or in Kriegler 1990. The host 
cell may be a eukaryotic cell, a somatic cell, a germ cell, 
a neuronal cell, a myocyte, a mammary carcinoma cell, a lung 
cell, a prokaryotic cell, a virus packaging cell, or a stem 
cell . 

20 

This invention also provides for a purified polypeptide or 
an isolated polypeptide encoding nARIA. This polypeptide 
may encode human nARIA protein which includes the sequence 

(sex? w w 

shown from amino acid 31 to amino acid 252 of Figure 4^. H 

2 5 This polypeptide may also encode chicken nARIA protein which 

includes the sequence shown from. amino acid 203 to amino 

too :z ) 

acid 421 of Figure 2. This invention provides for the 
genomic sequence of human nARIA and chicken nARIA. This 
invention provides for functionally equivalent variants or 
30 mutants of nARIA including polypeptides which contain 
replacement amino acids which do not affect the 
functionality of the polypeptide. These variants may be 
prepared using in vitro mutagenesis techniques, polymerase 
chain reaction mutagenesis, or site-directed mutagenesis. 
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desired set of potential nARIA 
could then be used for seletion of 
binding properties and separate 



The invention also provides for nARIA derivatives in vitro 
which are immobilized on a support for purposes of 
diagnoses, purification of nARIA binding factors or affinity 
purification of nARIA antibodies. 

According to the present invention, nARIA or neuronal 
Acetylcholine Receptor inducing Activity possesses certain 
biological activities. As used herein, nARIA has the 
ability to increase both nAChR currents and nAChR subunit 
gene expression in L.SG neurons. The sequence of nARIA is 
unique throughout the N- terminal portion of the sequence, 
lacking the Ig-like domain typically upstream of the EGF- 
like domain in ARIA. nARIA retains the juxtamembrane EGF- 
like domain, shown to be sufficient for receptor binding and 
activation of receptor tyrosine kinase activity. Expression 
of nARIA by Northern blot analysis begins at E4 and is 
maximal at E8, while expression of ARIA begins at EG and 
peaks at E8 in the chick embryo. In cultured Ell chick 
sympathetic neurons treated with cultured media from COS 
cells transiently transfected with either ARIA or nARIA, an 
a.ssay of both acetylcholine (ACh) gated currents and subunit 
mRNA levels was performed. These assays demonstrated 
differential regulation of nAChRs by nARIA vs ARIA. 
Specifically, nARIA significantly increased the maximal 
responses to 500 mM ACh whereas ARIA significantly decreased 
the maximal responses compared to cultures treated with 
recombinant protein from the antisense construct. 
Measurement of nAChR subunit mRNA levels in E9 sympathetic 
neurons treated with nARIA or ARIA with quantitative RT-PCR 
revealed different profiles of subunit gene regulation. A 
24 hour treatment with nARIA mimicked the effects of 
innervation, up -regulating ot3 , a5 , cx7 and 64 levels, whereas 
ARIA downregulated 64 and a3 . nARIA, therefore, may 
participate in the increase in nAChR subunit transcription 



-23 - 

induced by innervation of embryonic sympathetic neurons in 
vivo during sympathetic neuronal development. 

nARIA, as discussed herein, not only has a unique N- terminal 
5 region but also displays biological activity distinct from 
ARIA. Tables I, II and III in the Experimental Details 
section herein describe these distinctions. nARIA, unlike 
ARIA, is specifically expressed only in nervous tissue, 
whereas ARIA can be expressed in other tissues. nARIA 

10 expression is higher in the spinal cord and cerebellum than 
in the forebrain and optic tectum. nARIA expression is 
first detected at stage E4 in the spinal cord, and 
-expression is first detected in the cerebellum at stage E8 . 
In Ell sympathetic neurons, nARIA specifically has an effect 

15 on ligand gated channels: in response to acetylcholine, 
nARIA specifically increases the number of functional 
acetylcholine receptors as indicated by an increase in 
response to maximal concentrations of acetylcholine. nARIA 
has little effect on the number of GABA activated channels 

20 as indicated by the response to maximal concentrations of 
GABA. In contrast, at Ell, ARIA has little effect on 

acetylcholine evoked resonses and may upregulate GABA evoked 
responses. The effects of nARIA and ARIA on the 

acetylcholine evoked responses indicates that nARIA has been 

25 quantitated at E9 and is about 15 times more potent than 
ARIA. 

nARIA increases the transcription of the a3 subunit of nAChR 
in sympathetic neurons. nARIA also increases oc5, a3 , a7 and 
3 0 £4 subunit gene expression of nAChR. 



This invention provides for a method of inducing the 
expression of a specific nicotinic acetylcholine receptor 
subunit isoform. AChRs at mature mammalian neuromuscular 



junctions are pentameric protein complexes composed of four 
subunits in the ratio of a 2 £e5 (Mishina et al 1986) . Most, 
if not all, of embryonic AChRs contain a different subunit , 
termed " x" in place of the e subunit. When mixtures of 
a, £,5 and x subunit mRNAs are injected into Xenopus oocytes, 
the expressed channels have the properties of embryonic 
receptors. It is likely that this change in subunit 
composition is due to a change in gene expression and 
accounts for the switch in properties of ACh-activated 
channels from slow channels to fast channels. This 
invention provides for the application of nARIA alone or in 
combination with another agent to neural cells to induce the 
expression of subunit isof orms . 

This invention further provides for nARIA antagonists which 
are capable of reducing the biological activity of nARIA. 
This antagonist may be proteinaceous such as an antibody 
specific for nARIA as described herein, a nucleic acid such 
as an antisense molecule to the nARIA mRNA as described 
herein, an enzymatic activity such as a ribozyme directed to 
nARIA mRNA as described herein or a protease specific for 
the nARIA polypeptide. The antagonist may also be an agent 
which is capable of binding the nARIA receptor with higher 
affinity than nARIA, thus competing away the effects of 
nARIA binding. 

The subject invention also provides for nARIA agonist (s) 
which would be capable of enhancing the biological activity 
of nARIA. Such agonists may include other neurotrophic 
factors such as ciliary neurotrophic factor (see U.S. Patent 
No. 4,997,929); nerve growth factor (see U.S. Patent No. 
5,169,762); neurotrophic factor 4/5 (see PCT International 
Publication No. WO 92/05254); brain-derived neurotrophic 
factor (see U.S. Patent No. 5,180,820); glial -derived 
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neurotrophic factor (see PCT International Publication No. 
WO 93/06116) or any other neurotrophic factor (see European 
application EP 0 386 752 Al) . The disclosures of these 
publications in their entireties are hereby incorporated by 
5 reference into this application in order to more fully 
describe the state of the art as known to those skilled 
therein as of the date of the invention described and 
claimed herein. 

10 This invention also provides for an antibody immunoreact ive 
with an epitope comprisinq a unique sequence shown in either 

Figure from amino acid 203 to amino acid 421 or m Fxgure 

LS^C{ 10 .fO O : H \ 

4 from ammo acxd 31 to ammo acid 252. 

15 A further embodiment of the invention is a monoclonal 
antibody which is specific for nARIA. In contrast to 
conventional antibody (polyclonal) preparations which 
typically include different antibodies directed against 
different determinants (epitopes) , each monoclonal antibody 

20 is directed against a single determinant on the antigen. 
Monoclonal antibodies are useful co improve the selectivity 
and specificity of diagnostic and analytical assay methods 
using antigen-antibody binding. Also, they may be used to 
remove nARIA from the serum. A second advantage of 

25 monoclonal antibodies is that they can be synthesized by 
hybridoma cells in culture, uncontaminated by other 
immunoglobins . Monoclonal antibodies may be prepared from 
supernatants of cultured hybridoma cells or from ascites 
induced by intraperitoneal inoculation of hybridoma cells 

30 into mice. The hybridoma technique described originally by 
Kohler and Milstein, 1976, has been widely applied to 
produce hybrid cell lines that secrete high levels of 
monoclonal antibodies against many specific antigens. 
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Another embodiment of this invention is a ribozyme which is 



capable of cleaving nARIA mRNA. See Cech, et al . , U.S. 
Patent No. 4,987,071; Altman et al . , U.S. Patent No. 5, 
168,053; Haseloff et al, U.S. Patent No. 5,254,678 
published European application No. Hampel et al., EP 
360, 257 . 

This invention provides for a nucleic acid comprising a 
unique nARIA sequence in a 3 ' to 5 ' orientation, antisense 
to at least a portion of a gene encoding naturally occurring 
nARIA. This antisense nucleic acid molecule may be labeled 
with a detectable moiety selected from the group consisting 
of a fluorescent label, a biotin, a digoxigenin, a 
radioactive atom, a paramagnetic ion, and a chemiluminescent 
label. See Inoue et al . U.S. Patent Nos. 5,208,149 and 
5,190,931 and Schewmaker, U.S. Patent No. 5,107,065. 

Labeling of a circular oligonucleotide (such as a replicable 
vector as described herein) can be done by incorporating 
nucleotides linked to a "reporter molecule" into the subject 
circular oligonucleotides. A "reporter molecule", as 
defined herein, is a molecule or atom which, by its chemical 
nature, provides an identifiable signal allowing detection 
of the circular oligonucleotide. Detection can be either 
qualitative or quantitative. The present invention 

contemplates using any commonly used reporter molecule 
including radionucleotides , enzymes, biotins, psoralens, 
f luorophores , chelated heavy metals, and luciferin. The 
most commonly used reporter molecules are either enzymes, 
f luorophores , or radionucleotides linked to the nucleotides 
which are used in circular oligonucleotide synthesis. 
Commonly used enzymes include horseradish peroxidase, 
alkaline phosphatase, glucose oxidase and a-galactosidase , 
among others. The substrates to be used with the specific 
enzymes are generally chosen because a detectably colored 
product is formed by the enzyme acting upon the substrate. 
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For example, p-nitrophenyl phosphate is suitable for use 
with alkaline phosphatase conjugates; for horseradish 
peroxidase, 1 . 2 -phenylenediamine , 5 -aminosalicylic acid or 
toluidine are commonly used. The probes so generated have 
5 utility in the detection of a specific nARIA DNA or RNA 
target in, for example, Southern analysis, Northern 
analysis, in situ hybridization to tissue sections or 
chromosomal squashes and other analytical and diagnostic 
procedures. The methods of using such hybridization probes 

10 are well known and some examples of such methodology are 
provided by Sambrook et al, 1989. This invention also 
provides a method of amplifying a nucleic acid sample 
, comprising priming a nucleic acid polymerase chain reaction 
with nucleic acid (DNA or RNA) encoding (or complementary 

15 to) an nARIA. 

Another embodiment of this invention is the normal 
expression or overexpression of nARIA ex vivo in human 
neuronal cells, stem cells or undifferentiated nerve cells 
20 and muscle cells. These cells may be utilized for gene 
therapy in patients (See Anderson et al U.S. Patent No. 
5,399, 346) . 

This invention further provides for a transgenic nonhuman 
25 mammal whose germ or somatic cells contain a nucleic acid 
molecule which encodes nARIA polypeptide or biologically 
active variants thereof, introduced into the mammal, or an 
ancestor thereof, at an embryonic stage. This invention 
provides for a transgenic nonhuman mammal whose cells may be 
30 transfected with a suitable vector with an appropriate 
sequence designed to reduce expression levels of nARIA 
polypeptide below the expression levels of that of a native 
mammal . The transgenic nonhuman mammal may be transfected 
with a suitable vector which contains an appropriate piece 
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of genomic clone designed for homologous recombination. 
Alternatively, the transgenic nonhuman mammal may be 
transfected with a suitable vector which encodes an 
appropriate ribozyme or antisense molecule. See for 
example, Leder and Stewart, U.S. Patent No. 4,736,866 for 
methods for the production of a transgenic mouse. 



Biologically functional variants of nARIA are nucleic acid 
molecules that, due to the degeneracy of the genetic code, 
code on expression for nARIA polypeptide. The foregoing 
variant DNA sequences may be translated into variant nARIA 
polypeptides which display the biological activity of an 
nARIA polypeptide. These variant nucleic acid molecules may 
also be expressed in this transgenic mammal. Active 
variants should hybridize to the wild-type nARIA nucleic 
acid sequence under highly stringent or moderately stringent 
conditions (Sambrook et al, 1989) . 



One embodiment of this invention is a method for inducing 
the formation of a synaptic junction between a neuron and a 
target cell, which includes treating the target cell with 
nARIA polypeptide or nARIA nucleic acid molecule encoding 
nARIA or a biologically active variant thereof, in an amount 
sufficient to induce the formation of a synaptic junction. 
A "sufficient amount" as used herein refers to that amount 
which provides a therapeutic effect for a given condition 
and administration regimen. The target cell may be a 
somatic cell such as a myocyte, a neuronal cell, a glandular 
cell or any postsynaptic cell. This method provides for the 
induction of the formation of a synaptic junction in an 
individual having a neurological disorder involving abnormal 
synaptic connections. Isolated nARIA may be used as a 
growth factor for in vitro cell culture or in vivo to 
promote the growth of cells. 
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nARIA, nARIA agonists or nARIA antagonists may be used to 
treat any disease where levels of nARIA metabolism are 
changed and therefore ion channel levels or activities are 
not normal as in some neurological disorders. Such 
5 disorders would include any disease with an abnormal 
production of nARIA. Neurological disorders that affect the 
central nervous system, memory or cognitive functions may 
also be treated with nARIA. Such disorders may be the 
result of the normal aging process or the result of damage 
10 to the nervous system by trauma, surgery, ischemia, 
infection or metabolic disease. Such disorders may also 
include Alzheimer's Disease, Turret's Syndrome, and 
Parkinson's Disease. These diseases have been shown to 
respond to nicotine treatment . 

15 

The neurological disorder may be a neuromuscular disorder. 
Examples of neuromuscular disorders which may be treatable 
with nARIA include Alzheimer's disease, myasthenia gravis, 
Huntington's disease, Pick's disease, Parkinson's disease, 

20 and Turret's Syndrome. Also included are neurogenic and 
myopathic diseases including chronic atrophies such as 
amyotrophic lateral sclerosis, Guillain-Barre syndrome, 
progressive bulbar palsies, spinal muscular atrophies and 
chronic peripheral neuropathy. Autonomic disorders of the 

25 peripheral nervous system may also be included in this 
treatment which include disorders that affect the 
innervation of muscle or endocrine tissue such as 
tachycardia, atrial cardiac arrhythmias and hypertension. 
These disorders are thought to be associated with an 

30 abnormally low level of muscarinic AChRs in the striated 
muscle . 
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This invention provides for a method of altering neuro- 
receptor expression. In this method, nARIA is administered 
to a subject which may result in a change in the expression 



of 
is 
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neuro-receptors. The method of administration 
described more fully hereinafter. 



of 



nARIA 



This invention provides for the production of functional 
5 mammalian nARIA protein in a prokaryotic expression system, 
a mammalian expression system, a baculovirus expression 
system, an insect expression system or a yeast expression 
system. This production may provide for the post- 
translat ional modifications which exist in the naturally 
10 occurring nARIA protein. For protocols describing bacterial 
expression of mammalian proteins, see Sambrook et al, 1989. 

Another embodiment of this invention is a method for 
inducing neuronal regeneration which comprises contacting a 

15 target cell with a composition of nARIA and a 
pharmaceutically acceptable carrier to induce the formation 
of a synaptic junction between a neuron and a target cell. 
The target cell may be a neuronal cell, an endocrine cell, 
a muscle cell or any cell capable of forming a neuro- 

20 muscular junction. nARIA may be used to facilitate 
incorporation of implants into nervous tissue or to promote 
nerve regeneration following damage by trauma, infarction, 
infection or postoperatively. 

25 This invention provides for a combination therapy of nARIA 
with another neurotropic factor or cytokine or growth factor 
or with other agents known for use in the treatment of 
malignancies. Such factors may include transforming growth 
factor beta (TGF-fi) , ciliary neurotropic factor (CNTF) , 

30 brain derived neurotropic factor (BDNF) , NT-4, NT-5, NT-4/5, 
nerve growth factor (NGF) , activins, agrin, cell 
differentiation factor (CDF) , glial growth factor (GGF) , and 
neu differentiation factor (NDF) , ARIA, and heregulins. 
nARIA may be administered in combination with agrin for 

3 5 effects on the neuromuscular junction. For therapy directed 
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toward the autonomic/enteric nervous system, TGF-S and nARIA 
is the preferred combination. For therapy directed to the 
central nervous system, nARIA and CDF is the preferred 
combination . 

5 

When administered parenterally , proteins are often cleared 
rapidly from the circulation and may therefore elicit 
relatively short-lived pharmacological activity. 

Consequently, frequent injections of relatively large doses 

10 of bioactive proteins may by required to sustain therapeutic 
efficacy. Proteins modified by the covalent attachment of 
water-soluble polymers such as polyethylene glycol, 
copolymers of polyethylene glycol and polypropylene glycol, 
carboxymethyl cellulose, dextran, polyvinyl alcohol, 

15 polyvinylpyrrolidone or polyproline are known to exhibit 
substantially longer half-lives in blood following 
intravenous injection than do the corresponding unmodified 
proteins (Abuchowski et al . , 1981; Newmark et al . , 1982; and 
Katre et al . , 1987) . Such modifications may also increase 

20 the protein's solubility in aqueous solution, eliminate 
aggregation, enhance the physical and chemical stability of 
the protein, and greatly reduce the immunogenicity and 
antigenicity of the protein. As a result, the desired in 
vivo biological activity may be achieved by the 

25 administration of such polymer-protein adducts less 
frequently or in lower doses than with the unmodified 
protein. nARIA compositions may be administered 

parenterally by injection or directly into the cerebral 
spinal fluid by continuous infusion from an implanted pump. 

30 nARIA may also be administered with one or more agents 
capable of promoting penetration of nARIA across the blood- 
brain barrier. 

Attachment of polyethylene glycol (PEG) to proteins is 
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particularly useful because PEG has very low toxicity in 
mammals (Carpenter et al . , 1971). For example, a PEG adduct 
of adenosine deaminase was approved in the United States for 
use in humans for the treatment of severe combined 
5 immunodeficiency syndrome. A second advantage afforded by 
the conjugation of PEG is that of effectively reducing the 
immunogenicity and antigenicity of heterologous proteins . 
For example, a PEG adduct of a human protein might be useful 
for the treatment of disease in other mammalian species 

10 without the risk of triggering a severe immune response. 
nARIA or cells that produce nARIA may be delivered in a 
microencapsulation devise so as to reduce or prevent an host 
immune response against the nARIA producing cells. nARIA 
may also be delivered microencapsulated in a membrane, such 

15 as a liposome. 

Polymers such as PEG may be conveniently attached to one or 
more reactive amino acid residues in a protein such as the 
alpha-amino group of the aminoterminal amino acid, the 

20 epsilon amino groups of lysine side chains, the sulfhydryl 
groups of cysteine side chains, the carboxyl groups of 
aspartyl and glutamyl side chains, the alpha- carboxyl group 
of the carboxy- terminal amino acid, tyrosine side chains, or 
to activated derivatives of glycosyl chains attached to 

25 certain asparagine, serine or threonine residues. 

Numerous activated forms of PEG suitable for direct reaction 
with proteins have been described. Useful PEG reagents for 
reaction with protein amino groups include active esters of 

3 0 carboxylic acid or carbonate derivatives, particularly those 
in which the leaving groups are N-hydroxysuccinimide , p- 
nitrophenol , imidazole or 1- hydroxy -2 -nitrobenzene -4 - 
sulfonate. PEG derivatives containing maleimido or 

haloacetyl groups are useful reagents for the modification 

35 of protein free sulfhydryl groups. Likewise, PEG reagents 
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containing amino hydrazine or hydrazide groups are useful 
for reaction with aldehydes generated by periodate oxidation 
of carbohydrate groups in proteins . 

5 Another embodiment of this invention is a method for 
determining a prognosis of or diagnosing a neoplastic 
condition in a subject. In this method, one may obtain a 
biological sample from the subject, and contact the sample 
with a reagent capable of binding to an element in the 

10 sample, the element being an nARIA nucleic acid molecule or 
polypeptide encoding nARIA, under conditions such that the 
reagent binds only if the element is present in the sample. 
One may then detect the presence of the reagent bound to the 
element and thereby determine the prognosis of the 

15 neoplastic condition of the subject. The reagent may be an 
oligonucleotide capable of hybridizing with a nucleic acid 
encoding nARIA polypeptide under standard stringency 
hybridization conditions. The reagent in this method may be 
an antibody specific for nARIA polypeptide. The element in 

20 the biological sample may be a nucleic acid molecule 
encoding nARIA or a polypeptide encoding nARIA protein. The 
biological sample may be cerebrospinal fluid, blood, plasma, 
ascites fluid, tissue, urine, sputum, amniotic fluid, 
saliva, lung lavage, or cell extracts. This method may be 

25 performed with the reagent is affixed to a solid support. 
The neoplastic condition may be a mammary neoplasm or a 
small cell carcinoma of the lung. 

A further embodiment of this invention is a method for the 
30 treatment of a neoplastic condition of a subject. In this 
method a pharmaceut ically acceptable form of nARIA in a 
sufficient amount over a sufficient time period is 
administered to a subject to induce differentiation of 
neoplastic cells and thus treat the neoplastic condition. 
35 The composition may be a form of nARIA such as nARIA 
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polypeptide or nARIA nucleic acid, combined with a 
pharmaceut ically acceptable carrier. The carrier may be 
made up of suitable diluents, preservatives, solubiiizers , 
emulsif iers, or adjuvants and may be in an aerosol, 
5 intravenous, oral or topical form. 

Also provided by the invention are pharmaceutical 
compositions comprising therapeutically effective amounts of 
polypeptide products of the invention together with suitable 

10 diluents, preservatives, solubiiizers, emulsif iers, 
adjuvants and/or carriers. A "therapeutically effective 
amount" as used herein refers to that amount which provides 
a therapeutic effect for a given condition and 
administration regimen. Such compositions are liquids or 

15 lyophilized or otherwise dried formulations and include 
diluents of various buffer content (e.g., Tris-HCl., 
acetate, phosphate), pH and ionic strength, additives such 
as albumin or gelatin to prevent absorption to surfaces, 
detergents (e.g., Tween 20, Tween 80, Pluronic F68, bile 

20 acid salts), solubilizing agents (e.g., glycerol, 
polyethylene glycerol), ant i-oxidant s (e.g., ascorbic acid, 
sodium metabisulf ite ) , preservatives (e.g., Thimerosal, 
benzyl alcohol, parabens) , bulking substances or tonicity 
modifiers (e.g., lactose, mannitol), covalent attachment of 

25 polymers such as polyethylene glycol to the protein, 
complexation with metal ions, or incorporation of the 
material into or onto particulate preparations of polymeric 
compounds such as polylactic acid, polyglycolic acid, 
hydrogels, etc, or onto liposomes, microemulsions , micelles, 

30 unilamellar or multilamellar vesicles, erythrocyte ghosts, 
or spheroplasts . Such compositions will influence the 
physical state, solubility, stability, rate of in vivo 
release, and rate of in vivo clearance of nARIA. The choice 
of compositions will depend on the physical and chemical 
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properties of the protein having nARIA activity. For 
example, a product derived from a membrane -bound form of 
nARIA may require a formulation containing detergent . 
Controlled or sustained release compositions include 
5 formulation in lipophilic depots (e.g., fatty acids, waxes, 
oils) . Also comprehended by the invention are particulate 
compositions coated with polymers (e.g., poloxamers or 
poloxamines) and nARIA coupled to antibodies directed 
against tissue- specif ic receptors, ligands or antigens or 

10 coupled to ligands of tissue - specif ic receptors. Other 
embodiments of the compositions of the invention incorporate 
particulate forms protective coatings, protease inhibitors 
or permeation enhancers for various routes of 
administration, including parenteral, pulmonary, nasal, 

15 oral, injection or infusion by intravenous, intraperitoneal, 
intracerebral, intramuscular, intraocular, intraarterial or 
intralesional . nARIA may be part of a pharmaceutical 
composition with agrin and an acceptable carrier to 
recapitulate both the induction of expression of AChR and 

20 the clustering of the AChR T s on the membrane surface. 

Polypeptides of the invention may be "labeled" by 
association with a detectable marker substance (e.g., 
radiolabeled or biotinylated) to provide reagents useful in 
25 detection and quantification of nARIA or its receptor 
bearing cells in solid tissue and fluid samples such as 
blood or urine . 

Another embodiment of this invention is a method for 
3 0 determining whether a compound is capable of modulating the 
binding of an nARIA polypeptide to its receptor. In this 
method, the compound may be incubated under suitable 
conditions with an appropriate nARIA polypeptide -af f inity 
derivative or receptor- affinity derivative under appropriate 
35 conditions such that an affinity complex may form. Then, 



one may measure the amount of affinity complex formed so as 
to determine whether the compound is capable of modulating 
the binding of the nARIA polypeptide to its receptor. The 
affinity complex may be an nARIA receptor bound to an 
affinity derivative or an nARIA polypeptide bound to a 
derivative. The measurement in this method may comprise 
binding of an antibody specific for nARIA to the affinity 
complex to measure the amount of affinity complex formed. 
The affinity derivative may be sepharose, cellulose, 
plastic, glass, latex, glass beads, a nylon membrane, a 
cellulose acetate membrane, an epoxy-act ivated synthetic 
copolymer membrane, a nitrocellulose membrane or a 
strepcavidin-coated plastic . 

The present invention provides an assay for diagnosing 
whether a subject has or is predisposed to developing a 
neoplastic disease which comprises: a) obtaining a 
biological sample from the subject; b) contacting the sample 
with an agent that detects the presence of an extracellular 
domain of nARIA (CRD-neuregulin) or an isoform thereof; c) 
measuring the amount of agent bound by the sample; d) 
comparing the amount of agent bound measured in step c) with 
the the amount of agent bound by a standard normal sample, 
a higher amount bound by the sample from the subject being 
indicative of the subject having or being predisposed to 
developing a neoplastic disease. 

The present invention also provides assay for determining 
whether a subject has a neurodegenerative diseaase which 
comprises: a) obtaining a biological sample from the 
subject; b) contacting the sample with an agent that 
detects the presence of an extracellular domain of nARIA 
(CRD-neuregulin) or an agent which detects the presence of 
soluble neuregulin receptor; c) measuring the amount of 
agent bound by the sample; d) comparing the amount of bound 
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agent measured in step c) with the the amount of agent bound 
by a standard normal sample, a higher amount or a lower 
amount bound by the sample from the subject being indicative 
of the subject having a neurodegenerative disease. 

5 

In one embodiment, the agent is an antibody or a fragment 
thereof. In another embodiment; the sample is cerebrospinal 
fluid (CSF) , blood; plasma, sputum, amniotic fluid, ascites 
fluid, breast aspirate, saliva, urine, lung lavage, or cell 
10 lysate or extract derived from a biopsy. In a further 

embodiment, the agent is an antibody which binds to an * 
epitope formed by the amino acid sequence shown in figure 2^ 

& (Stt^ XO »0o: H\ 

or figure 4^ In another embodiment , the agent is an 
antibody which binds to an epitope of the cytoplasmic domain 

15 of nARIA. In another embodiment, the agent is an antibody 
which specifically binds to the amino acid sequence NQDPIAV 
(Seq ID No. ) . In a further embodiment, the neoplastic 
disease is breast cancer, prostate cancer, brain cancer or 
ovarian cancer. In another embodiment, the 

20 neurodegenerative disease is Alzheimer's Disease, 
Parkinson's disease, Turrets Syndrome, amyotrophic lateral 
sclerosis, Pick's disease, myasthenia gravis, or senility. 



The present invention also provides a method for maintaining 
25 or sustaining a synaptic connect ion between a neuron and a 
target cell comprising contacting the target cell with an 
nARIA polypeptide or a nucleic acid molecule encoding nARIA 
or biologically active variant thereof, in an amount 
sufficient to maintain the synaptic junction. 

30 

In one embodiment, the target cell is a somatic cell 
including a myocyte, a neuronal cell, a glandular cell or 
any postsynaptic cell. In another embodiment, maintenance 
of the synaptic junction is accomplished in an individual 
3 5 having a neurological disorder involving abnormal synaptic 
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connections. In another embodiment, the neurological 
disorder is a neuromuscular disorder or a neurodegenerative 
disease. In a further embodiment, the nARIA polypeptide is 
NQDPIAV (Seq ID No. or the A-form of the cytoplamic 

5 domain of nARIA fSeq ID No. — )-. In a further embodiment, 
the neurological disorder is Alzheimer's Disease, 
Parkinson's disease, Turrets Syndrome, amyotrophic lateral 
sclerosis, Pick's disease, myasthenia gravis, or senility. 

10 The present invention also provides a method for inducing 
neuronal regeneration which comprises contacting a target 
cell with a composition of nARIA and a pharmaceut ically 
acceptable carrier to induce the formation of a synaptic 
junction between a neuron and a target cell. In one 

15 embodiment, the target cell is a neuronal cell or a muscle 
cell . 

The present invention also provides a method for the 
treatment of a neoplastic condition of a subject which 
20 comprises administering to the subject a pharmaceutically 
acceptable form of nARIA in a sufficient amount over a 
sufficient time period to induce differentiation of 
neoplastic cells and thus treat the neoplastic condition. 

25 The present invention also provides a method for determining 
whether a compound is capable of modulating the binding of 
an nARIA polypeptide to its receptor, which comprises: (a) 
incubating the compound under suitable conditions with an 
appropriate nARIA polypeptide-af f inity derivative or 

30 receptor-affinity derivative under appropriate conditions 
such that an affinity complex may form; (b) measuring the 
amount of affinity complex formed so as to determine whether 
the compound is capable of modulating the binding of the 
nARIA polypeptide to its receptor. 



35 
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In one embodiment, the affinity complex comprises an nARIA 
receptor bound to an affinity derivative. In another 
embodiment, the affinity complex comprises an nARIA 
polypeptide bound to an affinity derivative. In another 
5 embodiment, the measuring comprises binding of an antibody 
specific for nARIA to the affinity complex to measure the 
amount of affinity complex formed. In another embodiment, 
the affinity derivative comprises sepharose, cellulose, 
plastic, glass, glass beads, or a streptavidin-coated 
10 plastic . 



The present invention also provides an assay for detecting 
neoplastic disease in a subject which comprises: a) 
obtaining a biological sample from the subject; b) 

15 contacting the sample with an agent that specifically binds 
to an expression product of a neuregulin gene or a 
neuregulin receptor; c) measuring the amount of agent bound 
by the sample; d) comparing the amount of agent bound 
measured in step c) with the the amount of agent bound by a 

2 0 standard normal sample, a higher amount bound by the sample 
from the subject being indicative of the presence of 
neoplastic disease in the subject. 



In one embodiment, the neuregulin receptor is erbB2 , erbB3 

25 or erbB4 . In another embodiment, the agent specifically 

binds to an amino acid sequence of neuregulin which directs 

translocation to the nucleus. In another embodiment, an 

expression product of a neuregulin gene comprises a 

neuregulin protein, an extracellular domain of a neuregulin 

30 protein, a polypeptide encoded by the amino acid sequence 

U£R SO 23 

shown in Figure 2^or 4^ In another embodiment, the agent is 
detectably labelled. t$>^ Q JsP H ^> 
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This H nvpnf.i on g — i 1 1 narrated — — fcJae_g££ierimental Detail 
section which follows. These a^etrTons are set forth to aid 
in an understanding oL^t5e invention but are not intended 
to, and should j^®^ be construed to, limit in any way the 
invention's set forth in the claims which follow 



The present invention provides an assay for determining 
the amount of her 2 receptor in a bodily fluid from a 

10 subject and an assay for other heregulin receptors which 
comprises a) obtaining a bodily fluid from a subject or 
a sample from a subject (i.e. a brain punch biopsy, 
blood, serum, plasma, urine, etc.); b) contacting the 
sample with cells which are transfected with a reporter 

15 construct (the construct being CRD-neuregulin with a 
cytoplasmic tail whch has a detetable marker attached to 
it) ; c) measuring the detectable label in the nucleus of 
the cells and thereby determining the amount of her 2 
receptor in the bodily fluid from the sample. 

20 

The neuregulin in the bodily fluid binds to a receptor on 
the surface of the transfected cell and there will be 
cleavage of the external domain and the cleavage of the 
internal cytoplasmic domain. The cytoplasmic domain will 
25 then be translocated into the nucleus and the detectable 
able will be available for detection in the nucleus. The 
detectable label may be green fluorescent protein or 
VP16 . 

3 0 Another assay which is provided for in the present 
invention is an assay which comprises obtaining a brain 



punch from a subject and performing immunohistochemistry 
on frozen sections or preserved sections of the tissue 
obtained using a detectably labeled antibody specific 
for the cytoplasmic domain of neuregulin and determining 
the percentage of nuclei that are showing label in the 
tissue sample. 

The nuclear targeting domain of neuregulin may be found 
in Yang et al and begins at amino acid number 23 0 
(KTKKQRKK) . 

This invention is illustrated in the Experimental Detail 
section which follows. These sections are set forth to 
aid in an understanding of the invention but are not 
intended to, and should not be construed to, limit in any 
way the invention as set forth in the claims which follow 
thereafter . 
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Ex perimental Details 

Example 1 - Isolation and Sequence Analysis of nARIA 

5 

Novel members of the ARIA/NDF/heregulin family that would be 
expressed in neurons projecting to cholinocept ive neural 
targets were identified. Cloning efforts yielded 29 
positives, including several which encoded variants with an 

10 entirely novel N- terminal sequence, distinguished by the 
absence of the usual Ig-like domains of the heregulin/NDF 
family. The predominance of the novel, Ig-less clones over 
the ARIA like clones was striking (11 vs 5 of 29 positives) . 
We named the novel splice variant "nARIA" for neuronal nAChR 

15 Inducing Activity. All clones were isolated by two 
different and separate approaches as described below. 

A different library was used in each screening protocol 
carried out to isolate and clone the nARIA gene. A chick 

20 E13 total brain cDNA library was screened with a rat DNA 
probe generated by PGR amplification. For the PGR 

amplification, degenerate primers corresponding to 
nucleotide sequences 523-542 (upper primer) and 1080-1100 
(lower primer) of the published rat NDF sequence (Wen et 

25 al . , 1992) were used to amplify a DNA fragment from a 
template of adult rat spinal cord cDNA . The upper and lower 
primers were within the immunoglobulin and transmembrane 
domains respectively. The amplified fragment was subcloned 
into the pCRII^ vector (Invitrogen) and was sequenced, 

30 revealing an open reading frame. The predicted peptide 
encoded by this fragment contained the immunoglobulin to 
transmembrane domains of the heregulin SI isoform and is 
distinct from the published NDF sequence, which is an 
a- isoform of heregulin. Screening of the cDNA library by 

3 5 random primed labeling of the amplified fragment resulted in 



three independent clones, of which only one contained a 
complete open reading frame. This open reading frame is 
2055 nucleotides (Figure l v nucl eo titles 608-2662) and 
encodes the nARIA transcript . The nucleotide sequences from 
base pair 1293 downstream to the poly-A tail of the nARIA 
clone are identical to ARIA a related cloned chicken gene 
(Falls et al . , 1993 ) . 



On the protein level, identical sequences encode the portion 
of the molecule spanning from the EGF-like domain to the C- 
terminus in ARIA and nARIA. The break in homology occurs at 
a known splice site and the sequences upstream to the splice 
junction are unique to nARIA. Analysis of the predicted 
protein sequence did not produce a motif corresponding to an 
immunoglobulin domain. Instead, there was a cysteine rich 
region identified (8 cysteines in 34 amino acids) . See 
Figure *0 2) 

Example 2 - Spatial and Temporal Expression of nARIA in 
chick development 



A chick E5-E11 spinal cord cDNA library which we prepared 
was also screened. The probe for screening was generated by 
RT-PCR amplification from E8 chick spinal cord total RNA 
using primers corresponding to nucleotide sequences 264-281 
(upper primer) and 1294-1313 (lower primer) of the published 
ARIA sequence (Falls, et al . , 1993). The amplified PCR 
fragment was subcloned into a PGEM3Z vector and sequenced to 
confirm its identity. Screening of the chick E5-11 spinal 
cord primary cDNA library by random primed labeling using 
the PCR fragment as the template resulted in 26 clones. Of 
these, 11 contained the novel cysteine rich domain (nARIA 
like clones), 6 clones contained the immunoglobulin- like 
domain (ARIA like splice forms) , while the remaining clones 
had unidentifiable sequences. The nARIA clones included 8 
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that were identical to the form obtained by the earlier 

screening and 3 additional isoforms that differed in the N- 

terminus, the EGF-like domain, the j uxtamembrane linker, 

and/or the C- terminal region. The extracellular domains of 

5 these clones were fully sequenced and the intracellular 

portions were partially sequenced. Restriction mapping and 

Southern blotting were also used to confirm the relatedness 

of these molecules. A human cerebellar cDNA library was 

screened in the manner described above. This procedure, , 

V><cQ, XO No." 3 > 

10 resulted in the isolation of human nARIA (Figures 3 N & 4) . 

P A \m\ 

Multiple tissue Northern blots were screened with probes 
specific for unique domains of nARIA and were compared with 
those probed with an ARIA specific probe (Figure 6) . In 

15 particular, the ARIA probe detected ARIA in skeletal muscle 
(pectoral muscle) whereas expression of nARIA was found to 
be restricted to nervous tissue. The expression of nARIA 
represents a higher percentage of the total message in the 
cerebellum and spinal cord than in the forebrain or optic 

20 tectum. ARIA message is represented at a higher level in 
the forebrain and optic tectum than in the cerebellum and 
spinal cord (Figure 7) . The developmental expression 
patterns of nARIA and ARIA in spinal cord as detected by RT- 
PCR and Northern blot hybridization are different (Figure 

25 8A-8B) . The mRNA of nARIA is detectable by E3 and robust by 
E4 whereas initiation of ARIA and expression occurs later 
(E6-8) (Figure 9A-C) . 

In situ hybridization studies with probes specific for nARIA 
30 and ARIA (containing the cysteine rich domain or Ig-like 
domain respectively) also demonstrated different patterns of 
expression (Figure 10A-D) . In particular, a positive signal 
is obtained in the presumptive preganglionic neurons with 
the nARIA probe but not with the ARIA probe. Therefore, the 
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pattern of expression of ARIA and nARIA are different. 

Example 3 - Functional Analysis of Biological Activity - 
nARIA Activates Tyrosine Kinase Linked Receptor (s) . 

5 

Initial experiments to characterize the functional 
properties of the nARIA protein focused upon the ability to 
activate protein tyrosine kinases. ARIA has been proposed 
to act, as other members of the NDF/heregulin family, 

10 through an interaction with specific tyrosine kinase - 1 inked 
receptors (Falls, et al . , 1993). This first step in 
transduction is assayed as tyrosine phosphorylation of a 
high molecular weight band, thought to represent 
phosphorylation of the receptor subunit (s) . We examined the 

15 pattern of tyrosine phosphorylated proteins in extracts of 
lumbar . sympathetic ganglia (LSG) neurons as well as several 
other cell lines with an anti-TYR-P antibody (4G10; UBI) 
(Ausubel et al . , 1994; Falls, et al . , 1993). Both 
recombinant ARIA and nARIA (from transiently transfected COS 

20 cells) induced time and dose dependent phosphorylation of 
170-185 kD bands in the MCF7 and MDA-MB-453 cell lines 
(human carcinomas that overexpress erb-B2 receptor) . ARIA 
appeared more potent than nARIA and somewhat less robust in 
phosphorylation of a 185 kD band in LSG. Differential 

25 effects of nARIA on glial cells and neurons differ from all 
other heregulin isoforms including ARIA, examined to date. 
nARIA' s unique N-terminal sequence influences the binding of 
the isoform to the protein tyrosine kinase receptors thereby 
conferring distinct specificities. 

30 

Media conditioned by COS1 or HEK293 cells transiently 
transfected with the nARIA clone (sense configuration) 
activated tyrosine kinase activity in the breast tumor cell 
lines MCF7 or MDA-MB-453 above the basal levels of tyrosine 
3 5 kinase activity as determined by using the antisense 
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conf iguration of nARIA. See Figure 11A-C. Furthermore, the 
levels of phosphorylation of the EGFR family members 
relative to one another was different between ARIA and 
nARIA. ARIA treatment resulted in a higher level of 
5 erB3/HER3 phosphorylation than nARIA. Treatment of acutely 
dispersed sympathetic neurons from E9 chicks with nARIA 
conditioned media resulted in increased tyrosine 
phosphorylation of an approximately 180 kD protein (Figure 
12) . 

10 

Another assay to more clearly delineate between the 
biological activities of nARIA and ARIA involved the 
comparison of their effects on the expression of ligand- 
gaced channels in primary neurons . These studies assayed 

15 the number of functional surface receptors for two 
transmitters {ACh and GABA) using an electrophysiological 
assay of transmitter gated macroscopic currents. The 
rationale for these experiments is based upon the pattern of 
expression of nARIA and ARIA, and on our previous studies of 

20 receptor regulation by spinal cord neurons (Role, 1988; 
Gardette et al, 1991) . Treatment of primary cultures of 
sympathetic neurons from Ell chicks with recombinant nARIA 
for two days increased the magnitude of macroscopic currents 
activated by acetylcholine and appeared to decrease the 

25 currents gated by GABA (Figure 13A-D) . In contrast, 
treatment with recombinant ARIA under the same conditions 
decreased the currents gated by acetylcholine and appeared 
to enhance GABA-evoked currents. The differential effects 
of nARIA vs ARIA on ACh gated currents, an index of the 

30 number of functional channels on the cell surface, was also 
reflected in the assays of the levels of expression of ACh 
receptor subunit encoding mRNA's. 



35 



Nocably, a 24 hour treatment with recombinant nARIA 
increased the level of a3 subunit mRNA; in contrast, the 
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level of a3 subunit mRNA was either slightly decreased or 
not altered by ARIA. The differential effect of nARIA and 
ARIA on transcription was not limited to the acetylcholine 
receptor subunits. Application of the differential display 
5 technique to primary cultures of sympathetic neurons treated 
for 24 hours with nARIA or ARIA suggested that the two 
growth factors differentially activate or suppress 
transcription of several distinct cDNAs . 

10 The data presented herein suggests that the novel splice 
variant of the heregulin gene, nARIA may play a role in 
synaptic development that is unique from that of ARIA or 
other immunoglobulin-domain-containing splice variants . 
nARIA may potentially be used therapeutically or 

15 diagnostically . Alterations in the level of the production 
of nARIA. may be indicative of a traumatic insult to the 
nervous system. Since the receptor for this factor is a 
known oncogene, changes in growth factor levels may be 
prognostic to some neoplastic conditions. Recombinant nARIA 

20 may be useful in cancer treatment regimens or for use in 
neuronal regeneration as described more fully herein. Other 
isoforms have been demonstrated to induce differentiation of 
breast tumor cell lines, promote survival of glial cells and 
increase the mitogenesis of some cell lines. 

25 

It has been demonstrated that the biological activity of 
nARIA is different than that of ARIA and is summarized in 
Table I. (The bold serves to highlight the differences in 
biological activity between ARIA and nARIA.) 



30 
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Table I. Biological Activity and Effects of ARIA vs nARIA 



Biological 
Activities 



Expression 



ARIA 



nARIA 



Activation 

of pl85 
phosphorylat 



ion 



Seen in chick 
nervous tissues and 
skeletal muscle 

Expression is higher 
in the forebrain and 
optic tectum than in 
the spinal cord and 
cerebellum 



Expression starts at 
E6 in the spinal 
cord 

Expression starts at 
E8 in the cerebellum 



Seen in L6 rat 
myocytes 

Seen in PC12 cells 
(Fischbach, et al) 

Seen in sympathetic 
neurons 



Seen in 
neurons 
et al) 



ciliary 
(Fischbach, 



Seen in breast tumor 
cell lines MCF7 and 
MDA-MB-453 

Seen in rat 02A 
cells (Fischbach) 



Seen only in 
nervous tissue 
E13 



at 



Expression is 
higher in the 
spinal cord and 
cerebellum than in 
the forebrain and 
optic tectum 



Expression starts 
at E4 in the spinal 
cord 

Expression starts 
at E8 in the 
cerebellum 

Seen in L6 rat 
myocytes 

Not seen in PC12 
cells 

Seen in sympathetic 
neurons 

Not determined 



Seen in breast 
tumor cell lines 
MCF7 and MDA-MB-453 

Not determined 
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Effects on 
ligand gated 
channels 


Increases response 
to acetylcholine in 
E9 and decreases 
response in Ell 
sympathetic neurons 


Increases response 
to acetylcholine in 
E9 and increases 
response in Ell 
sympathetic neurons 




Increases response 
to GABA m E9 and 
increases response 
in Ell sympathetic 
neurons . 


Increases GABA 
responses in E9 and 
decreases responses 
in Ell sympathetic 
neurons 




Increases response 
to ACh in muscle 
cells (Fischbach et 
al . ) 


Not determined 


Effects on 
transcript io 
n of nAChR 
subunits in 
rat medial 
habenula 


No effect 


Not determined 


Effects on 
transcript io 
n of nAChR 
subunits in 
sympathetic s 


No effect on a3 

Increases a5 and a7 


Increases a3 

Increases oc5 and a7 


DiicCus on 
sodium 
channel in 
muscle 


increases \r iscnDdcn 
et al . ) 


US Lei IIlinGQ 


Effects on 
PC12 

dif f erent iat 
ion 


Induces very short 
neurites in 10% of 
the cells (Fischbach 
et al . ) 


Not determined 




Reduces rate of 
replication by half 
(Fischbach et al . ) 


Not determined 


Effects on 
glial cells 


Increases the number 
of oligodendrocytes 
that develop from 
02A precursors 
(Fischbach et al . ) 


Not determined 
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Effects on 


"Like control" 


Not determined 


nAChR 


(Fischbach et al . ) 




subunits in 






PC12 cells 







Macroscopic, Single channel and synaptic current data 
acquisition and analysis 

5 Single channel data acquisition and analysis was performed 
with an Axon Instruments system using Axobasic and PCLAMP 
6.0 software. Additional programs were specifically 

designed for resolution of multiple channel classes of 
similar size and kinetics. Conductance, kinetics, NPO and 

10 - mean I analyses were performed as previously described 
(Listerud et al . , 1991; Moss and Role, 1993; Moss et al . , 
1989; Simmons et al . , 1988) . Continuously recorded and 
evoked synaptic and macroscopic currents were stored on 
videotape and analyzed off line in software written in 

15 Axobasic. 

An 80486 DX2-66Mhz computer equipped with the Axobasic 
system was essential to all studies. The acquisition 
program sampled all events that conformed to the amplitude 

20 and rise-time criteria, both set up by the user. Each 
captured trace included 20 msec of pre-event baseline data. 
The system sampled events accurately up to 20 Hz- -entirely 
adequate for capturing the relatively low frequency events 
in the experiments described herein. The analysis software 

25 provides amplitude, frequency, rise- and decay-time constant 
information for each current recorded. 

Subsequent generation of histograms, cumulative plots 
fitting, and statistical analyses were performed with 
30 Microsoft Excel 3.0, Sigmaplot 4.1 (Jandel Scientific) and 
Systat . Synaptic current frequency information was divided 
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into bins for plotting and statistical comparisons. 
Statistical analyses of differences between control and 
treatment groups were evaluated by a two-tailed test 
(Snedecor and Cochran, 1989) . Synaptic current amplitude 
5 data were compared by plotting cumulative histograms. These 
plots were also utilized as estimated cumulative probability 
distributions for the determination of statistically 
significant differences between , treatment groups using the 
Komolgorov- Simirnov test (Press et al . , 1986). 

10 

Table II provides a comparison of synaptogenesis vs. 
recombinant nARIA or ARIA treatment in regulating nAChR gene 
expression. (Bold serves to highlight the differences.) 



15 Table II. Comparison of Synaptogenesis vs. Recombinant nARIA 
or ARIA treatment in regulating nAChR gene expression. 
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ND 
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1 to 
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160% 
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224% 




248% 


372% 
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[0- 
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400% 
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Table III provides a comparison of the regulation of ACh- 
3 5 gated currents induced by input and target vs nARIA and 
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ARIA. 

Table III. Comparison of the Regulation of ACh-Gated 
Currents Induced by Input & Target vs. nARIA and ARIA. 

5 



Presynaptic 
input in 

vi tro 




Tarqet 
Contact in 
vi tro : 




SMN 
VMN 


1 1300% 
1750% 


Heart 


i 30% of 
control 


Input Cond . 
Media 

SMN 


1420% 


Taraet Cond. 
Media 

Heart 


i 50% of 
control 


VMN 


1430% 


Kidney 


I 225% 


recombinant 
nARIA 


1200-400% 


recombinant 
ARIA 


160% of 
control 



Experimental Methods 

Cell Culture 

2 5 LSG co-cultures with presynaptic input and target. 
Dissociated embryonic sympathetic neurons from ED10 and ED17 
were prepared and maintained in vitro as described in Role 
1988 with modifications as noted herein. Under these 
conditions the neurons were devoid of nonneuronal cells and 

30 were both adrenergic and cholinocept ive . Innervation of 
sympathetic neurons by preganglionic microexplants was done 
according to previously described techniques (Gardette et 
al . 1991; Hasselmo and Bower, 1993) . Assay of target 
effects on nAChR expression required coculture of atrial 

35 micro-explants (ED12) with LSG neurons in vitro. Changes in 
expression of subunit mRNAs were assayed after 3-4 days of 
coculture by quantitative RT-PCR (see below and Habecker and 
Landis, 1994) . 
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Patch Clamp Recording 

Recording of macroscopic and synaptic currents employed the 
whole-cell tight seal recording configuration of the patch 
clamp technique (Hammil et al . , 1981). This techniques 
5 provided low noise recordings that allowed for resolution of 
elemental synaptic currents. Fabrication of patch 

electrodes, pipette and bath solutions were all as 
previously described (Moss and Role, 1993; Moss et al., 
1989) . Currents were recorded with an AXOPATCH 200A patch 
10 clamp amplifier and stored on videotape with a PCM digitizer 
(Instrutech VR-10B) for subsequent analysis off line. I?:ACh*i 
is peak current . 

Drug Application 

15 Drugs and agonists were applied by rr.icroperf usion to small 
groups of cells via a large barreled delivery tube with 
continuous macroperf usion at 1 mi/min. This approach 
optimized speed of application {<30 msec), speed of removal 
and the ease of changing test solutions applied by the same 

20 device. A stable perfusion sen -up was an essential 
component of the each recording set up. 

Molecular Techniques 

2 5 Identification of subunit gene expression by PCR 

The profile of subunit gene expression was analyzed by PCR 
amplification of cDNA using nAChR subunit specific primers 
according to our previously published techniques (Listerud 
et al . , 1991). Briefly, total RNA was extracted by 

3 0 homogenization of tissue in 4M guanidine thiocyanate buffer 

followed by centrif ugation through a 5 . 7M CsCl cushion. The 
isolated RNA was DNAse treated and reverse transcribed using 
oligo-dT primers. AMV-RT (reverse transcriptase) was used to 
amplify a fragment encoding the most variable portion of the 
3 5 nAChR subunits, the intracellular loop. The identity of the 
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amplified products was verified by restriction mapping 
and/or Southern blotting (Ausubel et al . , 1994) . 



Quantitative RT-PCR 
5 Cell contents were collected by aspiration into DEPC 
containing solution and cDNA was synthesized by addition of 
random hexamer primers and Superscripts reverse 
transcriptase enzyme (BRL) . The cDNA served as template for 
amplification by primers specific for the various nAChR 

10 subunits. The internal standard construct included 

sequences complimentary to all upstream and downstream 
primers used with an interposed multicloning site (MCS) 
linker. Thus, the efficiency of primer annealing to 
standard and to the cDNA template was equivalent. In order 

15 to detect the product of the reaction, trace amounts of 
isotope labeled nucleotides were added to the reaction 
mixture. After 23 rounds of amplification, an aliquot of 
the reaction mixture was removed and further amplified with 
fresh Taq polymerase and reaction mix. This step was 

20 repeated after another 23 cycles. The amplified fragment 
was separated from the unincorporated nucleotides by 
electrophoresis and the product was quantitated. The assay 
provided subunit specific quantification of a2 , a3 , a4 , a5, 
a 7 , a8 , &2 and S4 in individual samples which detected as 

25 little as 2 fg of each subunit. 

COS cell transfection 

Cells were tansfected according to established techniques 
(Falls et al . , 1993) . Briefly, pcDNAl-amp containing the 

30 nARIA or ARIA cDNA in sense or antisense orientation was 
introduced into COS cells using lipof ectamine® (Gibco-BRL) 
per manufacturer's instructions. Twenty-four (24) hrs after 
transfection, the cells were washed and incubated in serum- 
free OPTI-MEM^ (Gibco-BRL). After 48 hrs, the media was 

35 collected, centrifuged to remove debris and then 



concentrated 22 -X using a Centriprep^. 10 concentrator 
(Amicon) . Aliquots were stored at -20°C until use. 



Tyrosine -phosphorylation assay 

Cells were treated with L-15 media plus concentrated 
conditioned media from either sense, antisense, or non- 
transfected COS cells. After the desired incubation time, 
the cells were washed and lysed in 1% NP-40 buffer. The 
lysate was centrifuged and the protein in the supernatant 
was quantified with a Bradford analysis procedure (BioRad) . 
Protein samples were electrophoresed on a 4% SDS-PAGE gel 
and electroblotted onto a PBDF membrane (S&S Inc) . Then the 
membrane was probed for phosphotyrosine with a monoclonal 
antibody 4G10 (UBI), detected with a peroxidase-conjugated 
anti-mouse IgG2 t antiserum (Boehringer-Mannheim) and 
visualized using the luminescent ECL, reagents (Amersham) . 



In situ hybridization 

Cell- specif ic expression of AChR subunit mRNAs were assayed 
using in situ hybridization in tissue sections of spinal 
preganglionic nuclei with 3: S- labeled complementary RNA 
probes as described (Devay et al . , 1994; Ausubel et al, 
1994) . cDNAs encoding the non- conserved regions between 
transmembrane- spanning regions, TM3 and TM4 , for each 
subunit have been subcloned into pGEM-3Z plasmids . 
Antisense riboprobes were transcribed in the presence of D S- 
UTP using the Promega transcription kit. Hybridization was 
assayed by autoradiography, and Nissl staining allowed 
visualization of the cell bodies. 3r, S - labeled RNA probes 
provided good signal resolution with low background due to 
the high specific activity (cpm/probe molecule) and also due 
to the relatively low energy of "S emission. Determination 
of hybridization involved comparison between parallel assays 
with antisense cRNA, sense RNA and RNase pretreatment of the 
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tissue. Non-isotopic labeling protocol utilizing 

Digoxigenin- 11 -UTP in place of the ~ L S-UTP was also used. 
The protocols were very similar (Bertrand et al . , 1991) . 

5 Antisense oligonucleotide design and experimental protocols 
Antisense oligonucleotides for AChR subunits a2 , a3 , a4 , a5 
and a7 were targeted to a 15 base sequence spanning the 
initiation site of each subunit mRNA. The region upstream 
and including the ATG was divergent among the subunit 

10 sequences and in no case included <4 base mismatch with all 
chick cDNA sequences registered in GCG. Control oligos 
included missense sequences of identical composition of 
, oligos mutated at 3 of the 15 bases (same GCG ratio) . The 
uptake, metabolism, hybridization and block of subunit 

15 expression by oligonucleotides were studied in some detail 
to determine optimal conditions for specific block. 
Briefly, neurons were pretreated with an irreversible nAChR 
ligand (bromoacetylcholine bromide; BAC) and then incubated 
for 6-48 hrs with 10 fxM oligo in heat inactivated medium) 

20 (Gardette et al . , 1991; Listerud et al . , 1991). The d- 
oligos were taken up and intact 15-mer within the cells was 
maximal within 6 hrs and still detected up to 48 hrs. a2 , 
cx3 , a4 , a5 and a7 have all been studied with this technique 
to determine their contribution to medial habenula nucleus 

25 (MHN) and LSG somatic nAChRs with reliable functional block 
by 24-48 hours. Antisense oligonucleotides were also 

designed to inhibit the expression of nARIA and ARIA. These 
oligos were directed against the translation start site or 
sequence within the N-terminal domain since the sequences 

30 are maximally divergent in this region. To optimize the 
antisense mediated block, and minimize the confounding 
contribution of pre-existent nARIA and ARIA, antisense was 
introduced just prior to the initial surge in expression of 
these factors during development (=ED4 for nARIA; ~ED8 for 

35 ARIA) . Treatment of preganglionic tissue of these ages with 
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the antisense oligos effectively knocked out the expression 
of these factors and allowed us to ascertain the extent to 
which each of these factors contributed to developmental 
changes in nAChR expression. 

5 

A question remains as to whether ARIA or nARIA is required 
for regulation of nAChR channels by presynaptic input. This 
idea is tested by the selective block of nARIA or ARIA 
synthesis by ant isense-mediated deletion. To optimize the 

10 antisense treatment, the region containing the presynaptic 
neurons is removed prior to the initial surge in nARIA and 
ARIA expression (E4 and E8, cord; E4 septal region) . In 
this manner we may succeed in blocking the major increase in 
expression, thereby obviating effects of pre-existent nARIA 

15 or ARIA. Presynaptic microexplant s are treated for 24-48 
hrs in vitro with antisense oligos targeted to the 
initiation region of nARIA or ARIA mRNA . Then, nARIA or 
ARIA activity may be assayed in co-culture with LSG or MHN 
neurons (assay of nAChR macroscopic and single channel 

20 currents as above) . The efficacy of antisense constructs is 
confirmed by quantitative RT-PCR of control and antisense- 
treated explants for nARIA, ARIA and transcripts unaltered 
by the treatment (e.g. actin) . Specificity of the antisense 
is evaluated by assay of oligomers, equivalent in size and 

25 composition but with 20-25% mismatched bases. Presynaptic 
properties (e.g. electrical activity, transmitter 
release/mini amplitude) may be tested to control for other 
non-specific effects of the antisense. 

3 0 Comparison of the affinity of nARIA vs ARIA for heparin 
sulfate proteoglycan . 

MCF7 breast tumor cells were treated with conditioned media 
from either ARIA or nARIA transiently transfected COS1 
cells. Some of the media was prebound with heparin attached 
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to glass beads. Prior to treatment, the beads were pelleted 
by centrif ugation to remove any heparin associated proteins. 
The supernatant was used to treat the MCF7 cells and 
tyrosine phosphorylation of the ARIA/nARIA receptor was 
5 analyzed. See Figure 15. It appears that the ARIA is 
binding to heparin and is removed from the media by 
centrif ugation . The nARIA lane shows a slight drop in 
signal which is unaffected by increasing concentrations of 
heparin (from 6 fig - GO fig) , It is possible that this 
10 slight drop is an artifact of differential binding between 
the lanes and thus nARIA does not bind heparin. 

Heparin is a component of both the cellular surface and the 
extracellular matrix. The difference in the binding 

15 affinities of nARIA and ARIA for heparin have two 
implications. (1) Heparin can affect the affinity of the 
ligand for the receptor as has been previously shown for HB- 
EGF . In this case, heparin may increase the affinity for 
the receptor. Accordingly, a given amount of ARIA may have 

20 higher affinity and thus more cellular activity and effect 
than the equivalent amount of nARIA. This implication may 
extend to other possible effects of the physiological 
concentration of the ligand. (2) The lack of affinity for 
heparin may result in greater solubility of nARIA in vivo 

25 since the molecule will not be bound to the extracellular 
heparin. This possibility may influence the localization of 
the ligand effects and the point concentration of the 
ligand . 

3 0 Conclusions 

The series of experiments described herein are some examples 
illustrating possible uses of nARIA. As discussed above 
herein, there are many other possible therapeutic, 
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diagnostic and pharmacologic uses of nARIA. The biological 
role of nARIA has been shown to be distinct from that of 
ARIA and from other members of the heregulin/NDF family. 
Therefore, nARIA may be useful in therapeutic treatments and 
5 as a diagnostic tool for abnormal neuronal conditions. In 
addition, a comparison of the expression levels and 
activities of the members of the NDF/heregulin/ARIA family 
may prove to be useful in the characterization and treatment 
of neuronal disorders and abnormal conditions and 
10 neurological developmental questions which are at this time 
unanswered . 

Example 4 : The n- ARIA isoform of neureaulin is both 
necessary and sufficient for the induction of acetylcholine- 
15 receptors in neurons . 

It is clear that the n-ARIA isoform of neuregulin is both 
necessary and sufficient for the induction of acetylcholine- 
receptors (nAChR) in neurons. The induction of nAChR 

20 expression normally occurs at specific sites within the CNS 
and PNS during synapse formation and can be mimicked by 
presynaptic input or presynaptic - input conditioned media. 
Definitive evidence has been uncovered showing that the 
activity of presynaptic input in inducing receptor 

25 expression is mediated by n-ARIA. The timing and pattern of 
expression as well as the primary structure and functional 
effects of n-ARIA differ importantly from the other 
neuregulins . 

3 0 The expression profile of n-ARIA is distinct from that of 
the Ig-domain containing forms: 

The n-ARIA sequence is unique. An extracellular Ig-like 
motif, common to all other neuregulins, is replaced by a 
35 highly conserved cys rich domain (98% identical chick to 
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human) and linked to a pi type EGF-like domain. 



n-ARIA is the only neuregulin isoform for which expression 
is restricted to the nervous system (both PCR and Northern 
5 analyses) . 

n-ARIA expression, unlike the Ig containing forms, is 
apparent at the earliest stages of neuronal differentiation 
(E2-E3 in chick; PCR and Northern analyses) . 

10 

The development of isoform specific antibodies and the 
assessment of the distribution of n-ARIA protein in the CNS 
and PNS has been performed. A polyclonal sheep antibody was 
raised which is specific to the cysteine rich domain 

15 containing isoforms of the "neu"-regulin gene. This antibody 
was developed against a peptide sequence encoding the 
hydrophilic portion within the highly conserved domain. The 
antibody is capable of recognizing both the denatured and 
natural protein states on solid matrix support (Figure 16). 

20 Immunohistochemical studies demonstrate that this antibody 
recognizes both avian and mammalian homologues of the nARIA 
protein. Immunohistochemical studies have also demonstrated 
that : 

25 Unlike the Ig containing forms, n-ARIA is largely (but not 
exclusively) expressed by cholinergic and/or cholinocept ive 
neurons. n-ARIA expression is prominent in medial septal 
cholinergic nuclei, basal forebrain, deep cerebellar nuclei, 
cerebellar Purkinje neurons, and retinal ganglion neurons as 

30 well as in cranial, somatic and visceral motor nuclei. 

n-ARIA protein appears to be targeted to axons and axon 
terminals as soon as such projections can be detected either 
in vitro or in vivo. n-ARIA immunoreact ivity is localized 
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in motor nerve terminal at the neuromuscular junction and 
"double" staining indicates that n-ARIA expression aligns 
with (post synaptic) a bungarotoxin binding, which reveals 
the distribution of muscle AchRs . -n-ARIA immunoreact ivi ty 
5 is also detected in axonal terminals and en passant synapses 
on CNS and PNS neurons (Figure 17) . 

The functional profile of n-ARIA is distinct from that of 
the Ig-domain containing forms: 

10 

n-ARIA is more soluble than the Ig-domain containing forms 
and is unaffected by heparin and less avidly bound by 
extracellular matrix proteins. 

15 The activity of n-ARIA in inducing tyrosine phosphorylation 
in neurons is more potent, more rapid and more persistent 
than Ig-domain containing forms. 

The induction of specific nAChR subunits and the enhancement 
20 of nAChR- currents by presynaptic input are specifically 
mimicked by recombinant n-ARIA protein. The activity of n- 
ARIA in inducing receptor expression in neurons is more 
potent and more persistent than Ig-domain containing forms 
(Figure 18) . 

25 

The ability to enhance a3 type nAChR subunit gene expression 
is unique to the n-ARIA isoform. 

Most importantly, the induction of specific nAChR subunits 
30 and the enhancement of nAChR-currents by presynaptic input 
are selectively blocked by prior exposure of the input to 
n-ARIA specific ant isense-oligonucleot ides (Figure 19) or n- 
ARIA specific antibodies. 
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The n- ARIA isoforms 

The role of n-ARIA in the differentiation and synaptic 
function of the septal cholinergic neurons that project to 
5 hippocampus and amygdala has been investigated. 
Specifically, evidence suggests that n-ARIA might 
collaborate with other growth factors, previously implicated 
in the differentiated function and perhaps, survival of CNS 
cholinergic neurons . 

10 

n-ARIA may induce several parameters of differentiated 
phenotype in central cholinergic neurons. The effects of n- 
ARIA ±target-derived growth factors, on ACH synthesis and 
release have been examined. Transient depletion of n-ARIA 
15 (in vitro by antisense or antibody treatments to "knock down" 
endogenous n-ARIA) has been utilized to initially test for 
n-ARIA dependent changes cholinergic neurons. 

Genomic probes to n-ARIA (i.e. the sequence encoding the 
20 crucial cys rich domain) have been developed. The effects of 
an n-ARIA-selective gene knock out was examined by using 
homologous recombination with subsequent excision of the 
selectable marker employing the Cre-LOXP approach. The n- 
ARIA exon-specif ic knock-outs are expected to survive 
25 embryogenesis as, unlike other neuregulins (including ARIA), 
expression is confined to the nervous system, allowing 
determination of the role of n-ARIA in the differentiation, 
synaptic function and survival of CNS cholinergic neurons. 

3 0 EXAMPLE: 5 

Products of the neuregulin gene and their receptors, the 
erbBs, (erbB2 , 3 and 4) control multiple critical biological 
processes. Dysregulat ion of Neuregulin-erbB signaling is 
35 associated with major human cancers, specifically in breast, 
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ovarian, prostate and lung cancer. In some patients this is 
accompanied by the appearance of soluble erbBs in the 
circulation and/or elevated levels of auto-antibodies 
recognizing the erbBs. If soluble erbBs are predictive of 
5 dysregulated erbB-neuregulin expression or function, then 
sensitive assays for these proteins in patients' blood has 
potential to provide non-invasive prognostic information on 
disease status, both in detecting primary disease and in 
monitoring disease-free status following traditional 

10 therapies. Recently we demonstrated that interactions 
between neuregulin and erbB expressing cells induces 
membrane to nuclear translocation of the cytoplasmic domains 
of neuregulin. We constructed a neuregulin-green 

fluorescent protein fusion protein that allows us to detect 

15 erbB-neuregulin interactions. By coupling this assay with 
fluorescence activated cell sorting, we are devising a 
sensitive rapid and high throughput assay for the presence 
of erbBs in biological fluids. A further modification of 
this assay detects nuclear targeting of a neuregulin-Gal4 - 

20 VP16 fusion protein by measuring the expression of a Gal4 
regulated reporter gene. The level of reporter gene 
expression is dependent on the concentration of 
extracellular stimuli (e.g. erbBs), providing a means of not 
only detecting soluble erbBs in biological fluids, but 

25 quantifying levels. In addition, using reporter gene 
expression provides an amplification step that significantly 
increases the sensitivity of the assay. 

ROLE OF HEN1 in NEUROGENESIS and RECENT DATA on NEUREGULIN 

30 

We found tht an embryonic neuronal specific basic-helix- 
loop-helix protein, HEN1 (also known as NSCL1 or NHLH) , 
interacts with "LIM only" proteins. Examination of the 
expression patterns of XHEN1 and XLMO-3, the Xenopus 
35 homologs of these human genes, reveals extensive overlap 
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during early neurogenesis. Co-expression of these two genes 
in Xenopus embryos induces a cascade of expression of 
neuronal specific basic-helix-loop-helix proteins that leads 
to neuronal differentiation. Recently, I tested whether 
5 neuregulin (NRG) cytoplasmic domain might mediate "back 
signaling". An intense subnuclear localization was observed 
in cells transfected with the NRG cytoplasmic domain. A 
similar observation was made in primary neuron immunostained 
with an antibody against the cytoplasmic tail of NFRG. This 

10 nuclear translocation requires a NLS motif at the beginning 
of the cytoplasmic domain, which includes eight amino acids: 
KTKKQRKK. One of the functions of this nuclear 

translocation was to induce apoptosis. Furthermore, a novel 
gene (CNIP) was found to bind to the cytoplasmic domain of 

15 NRG, which might be the modulator for the functions of NRG 
cytoplasmic domain. 

CNIP: A NOVEL INTERACTOR PROTEIN SPECIFIC FOR THE 
CYTOPLASMIC DOMAIN OF CRD NEUREGULIN 

20 

The neuregulin (NRG) gene encodes a number of splice 
variants that are epidermal growth factor (EGF) -related 
polypeptides. The protein structure of most NRG isoforms 
includes 3 general domains: 

25 l. The variable extracellular domain, including the 

EGF- like domain but differing amongst NRG isoforms by the 
inclusion of a cysteine rich or an Ig-like domain (referred 
to as CRD- or Ig-NRG, respectively, 

2. A conserved transmembrane domain and 

30 3. A cytoplasmic domain of unknown function. 

We have begun to explore whether the cytoplasmic domain of 
CRD NRG (also known as nARIA or neuregulin) might mediate 
"back signaling" by interaction with specific cellular 
proteins. The interaction "hunt" for the cytoplasmic domain 
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of NRG was performed using a Xenopus cDNA library. cDNAs 
from the strongest 14 of 400 positives obtained were 
analyzed. All 14 interactors encode the same product. To 
test the specificity of the putative interactor, a panel of 
5 control baits were screened for binding with the gene 
product: only LexA-CRD-NRG cytoplasmic domain interacted 
strongly. Interactions with the cytoplasmic domains of TGFS 
receptor, G proteins, cyclin, cyclin dependent kinase or Myc 
proteins do not occur. The expression pattern of the CRD- 

10 NRG Interactor Protein (CNIP) was examined in Xenopus and 
found to be strikingly similar to that of CRD -NRG . Thus 
CNIP is prominently expressed in the nervous system, 
- especially in the hindbrain, eyes and spinal cord. In view 
of the specificity of their interactions as well as their 

15 overlapping patterns of expression with the nervous system 
CNIP-NRG interactions may occur in vivo. 

NOVEL FUNCTIONS OF THE CYTOPLASMIC DOMAIN OF NEUREGULIN 

20 Neuregulins (NRGs) comprise a large family of EGF-like 
growth factors expressed in both the CNS and PNS . The NRG 
1 gene encodes multiple splice variants including secreted 
and transmembrane isoforms. The external (N- terminal) 
portion of both membrane anchored and secreted NRG isoforms 

25 includes a characteristic Ig-like or cysteine rich domain, 
and an EGF-like domain that is essential for NRG-ErbB 
interactions. Membrane anchored and secreted NRG isoforms 
identified to date include one of three distinct (a, b or c- 
type) cytoplasmic domains. Although the cytoplasmic domains 

3 0 are highly conserved (85% identity form chick to human) , the 
biological function is unknown. 

We tested whether NRG cytoplasmic domain (s) might mediate 
"back signaling" in NRF expressing cells, following 
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interaction of the tethered ligand with erbB receptors. And 
intense subnuclear localization was observed in cells 
transfected with the NRG cytoplasmic domain. A similar 
observation was made in primary neuron immunostained with an 
5 antibody against the cytoplasmic tail of NRG. This nuclear 
translocation requires a NLS motif at the beginning of the 
cytoplasmic domain, which includes eight amino acids: 
KTKKQRKK. The motif is highly conserved (the same sequence 
for human, rat, mouse, chick and Xenopus NRG) . The nuclear 

10 translocation was augmented by activation of PKC, or cells 
expressing erbB receptors. One of the functions of this 
nuclear translocation was to induce apoptosis. Furthermore, 
a novel gene (CNIP) was found to bind to the cytoplasmic 
domain of NRG, which might be the modulator for the 

15 functions of NRG cytoplasmic domain. 

CRD -NRG IN MOUSE PERIPHERAL NERVOUS SYSTEM DEVELOPMENT. 

Synaptogenesis at nerve-muscle junctions involves the 
20 redistribution of preexisting surface acetylcholine 
receptors (AchRs) , as well as increased local synthesis and 
insertion of new receptors. The latter increase in nAChR 
expression is induced by members of the neuregulin (NRG) 
family (Fischbach and colleagues Cell, 72 : 801 ; 1993 ) . We 

2 5 have characterized herein an NRG isoform in chicks, mice and 

humans in which a highly conserve cysteine- rich domain 
replaces the Ig-motif found in other NRGs ; we have termed 
this variant CRD -NRG . CRD -NRG appears to be both a 
necessary and sufficient signal for the control of neuronal 

3 0 nAChR expression during synaptogenesis (Neuron, 

20 : 255 ; 1998 ) . In situ hybridization analysis in embryonic 
mice reveals that CRD -NRG is highly expressed in all cranial 
nerve nuclei, visceral and somatic motor neurons, and in 
numerous CNS regions, including the olfactory and 



vomeronasal sensory neurons, the main and accessory 
olfactory and vomeronasal sensory neurons, the main and 
accessory olfactory bulbs, hippocampus, amygdala, thalamus, 
and hypothalamus, as well as septal cholinergic and 
dopaminergic nuclei, we now evaluate the role of NRG1 
signaling in the development of the peripheral nervous 
system using CRD-NRG specific knock out mice by in situ, 
immunocytological , and immunohistochemical studies . 

Neuregulins, originally referred to as ARIA, heregulin 
(HRG) , neu differentiation factor (NDF) , glial growth factor 
(GGF) , and sensorimotor-derived factor (SMDF) , constiture a 
large family of structurally related glycoproteins which are 
produce as a consequence of alternative splicing of the 
neuregulin-1 ( NRG - 1 ) gene. 

Neuregulins function as ligands for the erbB family of 
receptor tyrosine kinases. Targeted disruptions of the 
entire NRG-1 gene, and of the genes for its three receptors, 
erb2 , erb3 , and erb4 have been generated (Gassmann et al . , 
1995, Lee et al . 1995, Meyer and Birchmeter, 1995, Kramer et 
al . 1996, Riethmacher et al . 1997, and Erickson et al . , 
1997) . The phenotype of these mice demonstrated the multiple 
essential roles of this signaling system in the formation of 
the peripheral nervous system and the heart. 

As many as 14 different neuregulin cDNAs have been isolated 
(Fischback and Rose, 1997) . While all known NRG isoforms 
contain an EGF-like repeat which is considered essential for 
NRF-l activity, isoforms may or may not have a kringle 
domain, an Ig-like domain, a spacer domain, a transmembrane 
domain, and/or a variety of different cytoplasmic tails. 
However, all isofoms can be broadly classified into two 
currently mutually exclusive categories: isoforms which 
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contain an If-like domain N-terminal to the EGF-like domain 
(Ig-NRGs), such as ARIA, HRG, NDF, and GGF , and isoforms 
which contain a cysteine-rich domain N-terminal to the EGF- 
like domain (CRD-NRFs) , such as SMDF . 

Different classes of isoforms show distinct patterns of 
spatial and temporal expression during embryogenesis (Meyer 
et al. 1997), suggesting that the different isoforms could 
be mediating distinct biological signals. Analysis of mice 
10 null for Ig-containing NRGs and comparative analysis of mice 
null for all NRGs or just Ig-containing NRFs provides 

further evidence to support this conclusion (Meyer et al . 

1997, Sandrock et al , 1997) . 

We have found by in situ hybridization analysis in embryonic 
mice that CRD -NRG is highly expressed in all cranial nerve 
nuclei, visceral and somatic motor neurons, and in numerous 
CNS regions, including the olfactory and vomeronasal sensory 
organs, the main and accessory olfactory bulbs, hippocampus, 
20 amygdala, thalamus, and hypothalamus, as well as septal 
cholinergic and dopaminergic nuclei. In addition, we have 
generated mice which are homozygous null exclusively for all 
CRD-containing NRG- 1 isoforms. We now present evidence for 
distinct and essential roles of CRD-mediated NRG- 1 signaling 
25 in the development of the peripheral and central nervous 
systems . 
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F wn our r o c e ar c h over t h e l ast year, it 13 now cicar that tho n AR I A i eoform of nourogulin <j j b&ih nauiSMr y 
and sufficient for the induction cf acetylchoiine-receptors (nAChR) in neurons. As we have previously 
remonstrated, the induction of nAChR expression normally occurs at specific sites within the CNS arfa PNS 
during synapse formation : and can oe mimicked by presynaptic input or presynaptic-mput conditioned media. 
We now have definitive evidence mat the activity of DresynaDtic input in inducing receptor egression is 
mediated by n-ARIA. The timing ana partem of expression as weil as the primary structurey^na functional 
effects of n-ARIA differ importantly from the other neureguhns. / 

The expression profile of n-ARIA is distinct from that of the la-domain containing forms: / 

As we have previously shown, the n-ARIA seauence is unique. An extracellular Ig-lj/e motif, common to all 
other neuregulins. is replaced by a Highly conserved cys rich domain (98% iden^fcal chick to human) and 
iinked to a £1 type EGF-like domain / 

n-ARIA is the only neuregulin isoform for which expression is restricted to the/^ervous system (both PCR and 
Northern analyses) / 

n-ARIA expression, uniike the Ig containing forms. ;s apparent at the ea&nest stages of neuronal differentiation 
■ £2-3 in chick; PCR ana Northern analyses i / 

A considerable effort in the last year has been m the deveioomencof isoform specific antibodies and in the 
assessment of the distribution of n-ARIA protein in the CNS ano ^NS. We raised a polyclonal sheep antibody 
which is specific to the cysteine rich domain containing isoforms^of the "neu "-regufm gene. This antibody was 
developed against a peptide sequence encoaing the hydropn/fic portion within the highly conserved domain. 
The antibody is capable of recognizing both the denatured amd natural protein states on solid matrix support 
(Figure 1). lmmunohistochemicai studies demonstrate /that this antibody recognizes both avian and 
mammalian homologues of the nARIA protein (mmunohtsfocnemical studies have also demonstrated that: 

Unlike the Ig containing forms. n-ARIA ts largely /out not exclusively) expressed by cholinerg/c and/or 
cnolinocepf/ve neurons. n-ARtA expression is prortffnent in meaial septal cholinergic nuclei, basal forebrain, 
deep cerebellar nuclei, cerebellar curKinie neurons/ and retinal ganglion neurons as well as in cranial, somatic 
and visceral motor nuclei. / 

n-AR!A protein appears to be targetea :z ^xons ana axon terminals as soon as sucr, projections can be 
detected either in vitro or m vivo n-ARjA immunoreactivity is localizea in moror nerve terminals at the 
neuromuscular junction ana "douo;e s taming indicates that n-ARIA expression aligns with (post synaptic) a- 
cungarotoxin binding, which reveaisyv-.e distribution of muscie AChRs. n-ARIA immunoreactivity is also 
detected in axonal terminals ana en/assant synaoses on CNS ana PNS neurons (Figure 2) 

The functional profile of n-ARIA/§ cstmct from that of the tg-domain containing forms: 

n-ARIA is more soluble tharn the ic-uomatn containing forms' ana is unaffected by heparin ana less avidly 
bound by extracellular mamx prote:ns 

The activity of n-ARt/C in inducing tyosme Dhosphoryiation in neurons is more potent, more raoid and more 
persistent than Ig-^main containing forms 

The induction or specific nAChR sucumts ana the enhancement of nAChR-currents by presynaptic input are 
specifically nymtcked by recomomant n-ARIA protein. The activity of n-ARIA in inducing receptor expression in 
neurons is nnore potent and more persistent than ig-aomain containing forms (Figure 3). 

The ability to enhance a3 type nAChR suounit gene expression is unique to the n-ARIA isoform. 

Most /importantly, the induction c: specific nAChR suounits ana the ennancement cf nAChR-currents by 
presyna ptic input are selectively c'ocked bv prio r exposure of the input to n-AR!A specific antisense- 
ojrf^cnueiebtides (Figure 4} or n-ARIA specific antibodies (in uiutgittts). 



On goin g s t udios on th e n . A RIA-rspfprrrry ^ ; — ^ 

Our on-going studies focus on the roie of n-ARIA in the differentiation and synaptic^Ju^ction of the septal 
cholinergic neurons that project to hiDDocamDus and amygdala. Specifically M}j»tatfinary evidence suggests 
that n-ARIA might collaborate with other growtn factors, previously impii£ate?Tin the differentiated function and 
pernaos. survival of CNS cholinergic neurons 

n-ARIA may induce several parame:ers cf diffe^nj^at^aTphenorype in central cholinergic neurons. We are 
examining the effects of n-ARIA r target-aenyj&tf^rowth factors, on ACh synthesis and release. We wiil utilize 
transient depletion of n-ARtA (in wrrojy^antisense or antibody treatments to knock down' endogenous n- 
ARIA) to initially test for n-ARIAddtf£ncent changes cholinergic neurons. 

We are currently devgier(Sing genomic crones to n-ARIA (i.e.. the sequence encoding the crucial cys rich 
domain/ we will [jesfamine the effects cr an n-ARIA-selective gene knock out. by using homologous 
recombinatiorj^Ith subsequent excision of the selectable marker employing the Cre-LOXP approach. The n- 
ARIA exc^Kipecific knock-outs are exDecteo to survive embryogenesis as. unlike other neuregulins (including 
ARIA^expression is confined to the nervous system, allowing us to determine the role of n-ARIA in the 
rj j ffrr n nnotiOM, ^yiidptic funUiun dim su v jva) of CNG chol i norgic n ey ron s. 
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A. SPECIFIC AIMS 

Nicotinic acetyicholine receptors (nAChRs) partictDate in moving muscles, making memones. and reinforcipCg our 
most fundamental behaviors. Decline in the levels of functional nAChRs and deterioration of central cholinergic 
arojections have been implicated in aging-related memory deficits. Dramatic reductions in nAChRs and cholinergic 
neurons parallel the devastation of cognitive function in Alzheimers disease. 25 34 39 41 49 51 54 .7^68,96.100,107.1 
-=.i29.i3o. < :22.:23.202-205.22iDeciphering the potential role of nAChRs in memory formation and the impact/of deficits in 
nAChRs on cognition, requires fundamental understanding of the mechanisms controlling the functional properties 
and ceiiular targeting of these receptors. 

Stimulation of cholinergic projections or aopucation of nicotinic agonists elicits fast excitafory currents via 
oostsynapuc nAChRs. In addition, the activation of presynaptic nAChRs ennances synaptic transmission by 
ncreasing transmitter release. 6 - 22 - 27 23 2 ' 72 ~ 5 95 * :: 116 ^o^io Despite the numerous CNS relays/shown to be subject 
:o "synaptic tuning" by nAChR activation, neither the developmental changes nor regulatory Signals that control the 
expression, biophysical profile or targeting of CNS nAChRs are well understood. The/prior NS29071 award 
supported the identification, cloning ana initial studies of a molecular signai that we now/know is essential for the 
-eguiated exoression of nAChRs in peripheral ganglia. The current proposal examines the cellular and 
molecular mechanisms controlling the expression and functional profile of CNS/iAChRs by addressing the 
following questions. 



AIM 1: DO NEURON-NEURON INTERACTIONS REGULATE THE EXPRESSION, FUNCTIONAL PROFILE 
AND CELLULAR DISTRIBUTION OF CNS nAChRS? 

Presynaptic input and target contact, coordinateiy regulate the profile apfb pattern of nAChRs expressed at 
deveiODing ganglionic synapses in chick. 6 33 ~ : 43 64 95 123.124.145.215 .219 elaboration of nAChRs at both pre and 
oostsynaDtic sites of cholinoceptive svnaoses in the CNS is tfxelv controlled by similar ceiiular 
interactions. 3 32 34 - 3 Studies in Aim 1 test wfefether both cholinergic projections and 
target interactions control the expression and cellular targeting or nAChRs in the CNS. We compare the 
biophysical properties and expression profile of nAChRs in pre-synaptuc visceral motor (VMN) and medial habenula 
(MHN) neurons before and after contacting their respective targets, parallel studies examine how presynaptic input 
influences the maturation of nAChRs in the somata-dendritic and agonal domains of cholinoceptive neurons within 
the interpeduncular nucleus (IPN) and amygaala. Aim 1 studies constitute the essential groundwork for Aims 2 & 3 
by combining anatomical, biophysical and moiecuiar biological/assays of in vivo and in vitro preparations. These 
studies determine how neuronal interactions regulate: (a) theywerail levels of nAChR expression: (b) the profile of 
the nAChR subunits and channel subtypes expressed: a/ra (c) the somata-dendritic vs. axonal distribution of 
nAChRs during CNS synaptogenesis. 



AIM 2: IS CRD-NRG REQUIRED FOR SYNAPTOGENESIS-INDUCED CHANGES IN CNS nAChRs? 



Studies during the previous award penoa arfirmaef our proposal that "CRD" isoforms of neuregulin are essential 
regulators of nAChR expression in chick PNS.-" - 2KD-NRG is neural specific, aoundant in pre-ganglionic (VMN) 
neurons ana is required for the input-depenceof regulation of postsynaptic nAChRs in developing sympathetic 
zangna. Aim 2 tests the hypothesis that>CRD-NRGs are requisite signais for the synaptic induction, 
maturation and sustained expression of ryrchR channels at pre and postsynaptic cholinoceptive sites in the 
CNS. CRD-NRG is the predominant neure^utm isoform in the developina CNS with strona expression in brainstem, 
motor nuciei. and in subsets of midbraipr ana oasai rorebrain cholinergic neurons. Proposea studies pursue initial 
indications that CRD-NRG signaling \ji funaamentai to the establishment of cholinoceptive synapses and in the 
maturation of pre and postsynaptic nAChRs. We wtii test whether CRD-NRG mimics input or target-induced changes 
,n nAChRs by treatment of "synapefcaily naive neurons with recombinant CRD-NRG in vitro. We aiso will determine 
whether CRD-NRG is required/ov the regulated expression and maturation of nAChR channels following the initial 
formation of synaptic connections. Proposea in vitro studies compare the expression, functional profile and 
distribution of nAChRs iny^ynaptic co-cultures treated with control or antisense oligonucleotides targeted against 
CRD-NRG. Physiological studies of neurons from WT vs. CRD-NRG'- mice further test if CRD-NRG signaling is 
essential for the expression of the mature array of nAChRs at cholinoceptive synapses. 



AIM 3: 



WHAT SIGNALING CASCADES ARE ACTIVATED BY CRD-NRG? 



A long-range/goal is to determine the biochemical mechanisms underlying CRD-NRG effects in the CNS. 

Preliminary studies indicate that CRD-NRG activates a diverse array of signaling cascades, involving both 
anterograae and retrograde signaling mechanisms. 233 215 Our first goal is to examine the signaling pathways and 
moiecuiar mechanisms that underlie he anterograde effects of CRD-NRG on neuregulin receptor (erbB) expressing 
neurons. By extending preliminary findings these studies determine the time course, dose aeDendence and relative 
affinity oj/recombinant. soiuble CRD-NRG activation of specific kinase activated transcriptional cascades. We next 
oursue/indings consistent with retrograde signaling dv memorane-tethered CRD-NRG. Preliminary studies include 
?ur identification of a NRG cytoplasmic domain interactor-orotein rCNIP") ana the demonstration that cleavage of 
Rp^-NRG results in nuclear targeting of the cytoplasmic aomain. Potential mechanisms of retrograde signaling via 
■ w ii l be teotcd in oollc ctably oppress i ng vananm uf tjyymJ-N I 
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9- PArK r,RQUND AND SIGNIFICANCE 

„. thp miP niaved bv synaptic interactions and candidate signals in regulating 
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' SiooLc receptors an* cno/Znoceptivesy^ 

neurons of the peduncu.opontine and medial septal nude, ^^^^^^^^.^^ assessment of 
series of nAChRs assays in normal and AD patients led '™ es t'9^ Finaliv . recent reviews 

nAChR down-regulation could be an early moex of AD . and PD " e £°?* h ^ bute to tne symptoms . if not the 

SKS ^classical bia. «at ,r i the CtfS. ^ a <^;~ primly ^sc^ot 
SS£ rsS^S ffETS^ KSS? ^MSrs p,ay ■ if any. role at CMS 
"°^^Sr— e^n view of theemergent s^PP^ 

WiC these'data. the role of nAChRs ,n CNS -^-"i^ transmission. Classic 

Activation of nAChRs on presynaptic fe ' m ' na y r eS"'^ and the (often 

studies of nicotine stimulated transmitter release fr/n , isoteled neive ^na^ svnapses ^ have been 

ignore work on nAChR mediated fac, ^^^urotransmitters (inc.uding ACh')" remain untouched by the 
widely confirmed (reviewed in " 7 > n '\ a ;. 

nicotinic tuning" of synaptic transmission. Mult^e assays %*™l™*™™ oi . and indo ieam,nes within numerous 
;4, sm a. e transmission ,s suPiec. to A by ^« lh ^a To? so "^synaptic relays. suddenty 

rssss» oris, 5sr.« sms^s. -» - - M 

3re W ana ™„ S JfKhR n c£o/e^ °' express/on. Understanding the 

, 7 TriiSfS thXJI retires (a! teas', a bnef consideration of their diverse physiological properties. The 

CdulaSTy ,n,ema, ^externa; £ their |-~<f N « r - a , 

nAOhK^are more P~ m "_* ;\ t rkthor npuron31 nAChRs 3i.^e.i26.i52/.56.i72.:s9.222 inclusion or a5 with other as and 
oerm^BDiiity also differs amongst other neuronal naonrcs. 
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■ rjnpna! InvftStl 




"= wipM* comoiexes with >2 x the Ca permeaoiiity of the comparable a/fl type complex.- 7 ^ 8 - 15 " 13 These biopb^cal 
" J- Vnr ^ n^ve Street rnoact on the efficacv of both oresynaptic and postsynaptic nAChRs. High y. bneftX&ChRs 

™™S 3 ,2 ™ S'nCSased subunn nAChR mRNAs. increased macroscopic nAChH^. increased number 
specific chanaes in nAChR expression concomitant with synaptogenesis. V 

examined in Aims 1 & 2. / 

cultures. "^'_. nt circuits the iPN is an important site for testing mechanisms of nAChR regulation. 
pSmtnar^ Expression and somata-dendritic "AChR responses^ 

Furth™ moTe C^RD-NRG (expressed by many ,f not all./fferents to IPN) induces Significant changes m nAChR 
ex^essTon Aims 1 & 2 examine pre and postsynaptic ni&hRs at MHN-IPN synapses ,n detail. 
,Ve Ur egu//n^ spiicing of primary Nrg -1 

The neureguhn 1 (Nng-1 ) % e 2® t f^°°of e Vn enc^na mRNAs. Each of these isoforms is exoressed in a unique 
;ranscnots results n f^i^J^P^-^^.^ Specific NRG isoforms are imoncated in neural and 
-.emoora, a " d ^ S t U ! n S ^ -3. - ^ ^ Of particular .moort. spec.fic isoforms NRG are required for 

I rNS Aim i initiates s ua.es/^ NRG-s,anal.ng in cholinoceotive neurons, rience. a orief overview of 
" RC ernsVnter^ns Si NRG tne EGF-like" doma.n required for receptor binding. Mostjsoforms 

= „,„piSpr Sale transmemorarjccmain orotems with one of three cytoplasmic domains. Soluble NRGs. 
2re yn ln hv nrofeo vtic cleave™ % externa, juxtamembrane domain, are thougnt to act in a paracrine or 
-" e ;^ m b J nr P l°?ffi activate eroB dimers. inducing extensive cytoplasmic doma.n tyrosine 

sutocnne manner ^ resuitant 2 OS Dnotvrosines ip-Tyr) are bouna dv numerous signaling proteins containing 
sutopnosonoryiation The resuiten^ Jhese SH2/pTB contai ning proteins in 

e.ther SH2 or PTES domains^ ^'7. , serine/threonine protein kinases that phosphorylate 

-^n^^^^^^^ ana nuceus of stimulated cells. The exact nature of the signaling complex 
-tLmo led anTconse^uently?he b.ologica. response, is dictated by the particular Tyr residues ° hos Phorylated 
=SSemDl Ve fdenSfied a "noZ transmemorane NRG isoform that accounts for ^^^^S^S 
-rt.vitv ,n chick PNS 215 This NRG isoform is a novel variant containing a highly conserved (92 /o aa ic lemny. cnicK 
a f humL . c^teine RiX Domain N-term,na. to the EGF domain. Disruption of the mouse Nrg-1 gene results m 
lad Ti tethaSTdu^todefective card.ac oevelopment-—-- provid ing no inflation , on e ro e i of 
'4n MRG in the maturation of central cnonnoceptive synapses. We have generated a CRD-NRG specmc Kr »CK 
^RD-NRG in tne > ^ rai '° consistent with CRD-NRGs exclusive expression in the nervous system."" In 

?Ut ^n^ rn^wSto^t NRGsTnc cafe hat thev have distinct b.olog.cal effects.-* ^ but do not relate these 
^^X^^ZZ s^nanno. We begin to address this ouest.on in .he -P^ents propos^,^ 

^XSr 8 SoS=r c^main interactor ^oJ^^^e,. and NRG can 
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. This report covers work done on NS29Q71 between February 1995 (05 yean and NovemDer 1 99/ (08 year). 
. As per PHS 4/98 instructions. suDmission of the Personnel Report (Form JJ) wiii be completed if so 
requested by the awarding component. 

7 WORK COMPLETED SINCE THE PRIOR COMPETITIV E RENEWAL f-»: citations noted 
following section refer to publications ana manuscripts listed at the end of the Progress Report <C/ 3)]. 
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O verall summary of previous award. , 

— -he previous proposal tested the hvpotnesis that both presynaptic input and postsynaptic target contact regulate 
the profile of nAChR channels expressea b. aevelooing neurons. Aim 1 proposed studies assessing the relative 
contribution of input-derived factors vs. svnaotic activity in shaping the mature profile of nAChRs. Aim_2 delineated a 
parallel set of experiments testing for oossiDle retrograde influences of various non-neural targets in regulating trie 
nAChR profile at antecedent synapses (i.e. somata-dendritic ganglionic nAChRs). Both Aim 1 and Aim 2 studies 
utilized in vitro preparations of peripheral sympathetic ganglion neurons (SyMps)/rom embryonic chick; the work 
was to be extended to the CNS as well, if time permitted. 



Over all summary of work completed. , . 

Neanv ail of the experiments proposed en ooth inDut ana target deoend/nt regulation or nAChR expression by 

chick SvMps are completed at this juncture -.3.3 vears) p ' J p ^ 9 . Studies testfng whether CNS nAChRs are similarly 
regulated bv input and/or target interactions were Degun in the last year*/' 3 - 16 . The results of the latter studies have 
quided the desian of many of the experiments outlined in Aim 1 of the current proposal. 

The previous application delineated experiments testing whether/ candidate nerve-aenvea factor we had just 
; identified (once called nARIA, now referred to as cysteine rich domain -neuregulin: CRD-NRG) is required for the 
i input-dependent regulation of nAChR expression in SyMps. ihaee studies were successful beyond our wildest 
i dreams' As such we focussed subseauent efforts on defining thrf role of CRD-NRG in regulating nAChRs at cnicK 
PNS synapses. A distillate of these analyses: CRD-NRG is/both necessary and sufficient for '"P^'dependent 
requlation of nAChRs at ganglionic synapses 1 =s We also/began basic mechanistic studies of CRD-NRG-erbB 
• interactions and on potential differences in tethered vs. s/Tuble CRD-NRG signaling"'- 12 . Tne current application 
i extends this prior work on CRD-NRG. testing wnether thi/factor regulates expression and cellular targeting ot CNb 
nAChRs (Aim 2) and analyzing CRD-NRG activated sio/aling cascades (Aim 3). _ •♦./*♦♦ 

Now for the more difficult, and somewnat Derson/f. issues related to the work completed. : he quantity (but not 
quaiitv) of NS29071 papers currently cuolishea is. admittedly, less then impressive. One ( hi-oaK ) paper detailing all 
the studies on input dependent reauiatior. cr n/ChRs (including the cloning of CRD-neurecunn and all molecular 

" ' - ouolishec in Neuron'-. An eauanv compact paper detailing 



3na c:apnvsicai tests its nAChR regulatory ac/itvi. is 



: °veiocmental changes in nAChR ccmoos;i;/ is cuolishea in j. Physiol. iLono.r- A .very compressed) summary 
of ail of the studies on target-specific reau/fion ot synaptic nAChRs is pre-pro' duplication li.e.jn final review) in 
Nature Neuroscience™ Two additional papers are in review for J. NeuroDhysioi.. crfor Neuror, Nine (!) papers 
are in preparation (5 are well along ?? = / - are at more embryonic stages of "in preo \ in addition. 3 reviews 
were solicited based on NS29071 stu/es ar.c are puolished (in Neuron. Ann. Review of Physioi. and in a textbook, 
published by Wiley Press*"). In sdmmarv The number of NS29071-05 to 09 generated papers will total 17. 
However. I spent the last year (siruzfe i 7 98 > ccong with cancer ano 5 cancer-related surgenes-greatly delaying my 
bringing our considerable productivity to PRESS. . 



PROGRESS ON AIM 1 STUDIES. it.lcGehee & Role. 1995: Role d Berg, 1996: Yu & Role 1998: Vang et al., 
:998- McGehee.et al.. 1908: Devay et ai . -.998: Ramirez-Latorre et al.. 1999: Wolpowitz ei al.,1999 and 6 
manuscripts in oreparatio/) Aim I studies proposed to examine the developmental regulation of nAChRs. focusing on 
:he potential rele of presynaptic input in controllino post-synaptic nAChRs. We resolved to test it presynaptic activity 
and/or anteroorade soluble or membrane ocuno signals are required for the expression ot the mature profile of 
nAChRs. Exoenmeafe assayed the impact cf presynaptic input on the exp r ession of nAChR-encodina mRNA. the 
profile of nAChR c/rents and on the functional contribution of specific suounits to nA ChRs complexes. 

1 Development vs. input-dependent regulation of nACh R subunit mRNA expression & nAChR channels 
a. Regui/tion of nAChR gene expression by input and target: The leveis ot ganglionic nAChK mKNA 



ncrease concurrent with synaptogenesis 



vivo 



(Table P1-1). Work comoieteo during tne oast award period 



-eterminejfl the extent to wnich presynaptic :nout vs. non-neurai target contact, contributes to tne ooseryed develop- 
mental dnanoes in nAChR subunit gene expression in symoatnetic ganglion neurons (SvMds). We measured 
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TABLE P1-1 


a3 


a5 


u7 ' 


•34 


SYMPs ALONE (set to s 1) 
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= 0.2 


= .01 


: .05 


- 0.1 


SyMDS * INPUT 
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SyMps * TARGET V 
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6.3 
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4.6 


SYMPs* INPUT**- TARGET* 


2.7 


10 


23 


10 


in vivo DEVELOPMENT • 


2.8 


11 


21 
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Anterograae i input) and Retrograde (Target j co regulation 
of nAChR expression utilize distinct ( - additive* mecnamsms. 

nAChR mRNA v. ere assayed from synapticany naive S.\s <£5 
;nick) in vitro. Ccnditions indicated & presentee as tola cr.ange 
-eiative to E9 SyMps {= 1). n= (from top>:49. 51 ^ 5 
experiments of eacn condition. Data are correctea ior amonfication 

efficiency & actm standard P3 V Effects of heart + ^aney :argei 
snown {see Aim 2 Progress). «RNase protection assay or c3 vs 
£21 . ccrrectea fcr neuron number and actin stanoarg. 
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subunit mRNAs by quantitative RT-PCR (qPCR) on RNA from single SyMp cells maintained in vitro in the presence 

or 

absence of presynaptic input (Aim 1) anci/or nqp<neural 
targets p,e3P4 (Table P1-1). In the majority of crises, we 
collected cytosol for the qPCR assays from the same neurons 
that were suDjected to biophysical scrutiny of t/ne expressed 
nAChR channels. / 

Table P1-1 summarizes >100 exDenmams examining the 
effects of innervation of. and target-contacyoy. SyMps in vitro, 
and compares these data with in vivo /neasures of nAChR 
subunit gene expression^ 304 . In vitro i/nervation qualitatively 
recapitulated the induction of /AChRs seen during 
development in vivo. Quantitativeiyynowever. the induction of 
a3 was consistentlv areater with in viiro innervation, whereas 
the increases in a5. a7, and especially Q4. were less than 
seen in vivo (Table P1-1 & P1 p^' 01 ) The differences in nAChR 

induction by in vitro innen/ation vs. in vivo development 

appear to oe aue, at least in part, to the regulation of SyMp nAChRs by non-neural target tissues (Table P1-1 & 
Progress on Aim 2). Thus in vitro target interactions blunt the induction of a^but strongly upregulate the levels of 
a5. a? ana 64 - i.e. the effects of input plus target are essentially additiv^r Furthermore, the overall changes in 
nAChR suDunit gene expression elicited by co-orainate innervation plus tattle t contact in viiro were equivalent to the 
alterations in nAChR expression measured in developing sympathetic ganglia. The former result implies that the 
mechanisms underlying input vs. target tnauceo regulation of nAChR/expression are distinct, indeed, subsequent 
analyses of the molecular signals involved in regulating nAChRyrnRNAs and channels revealed that unique 
pathways mediate neuronal input vs. non-neurai. target-depende/ft effects (see below: Progress on Aim 2). In 
addition, the recapitulation of developmental changes in nAChRs by co-ordinate innervation and target contact in 
vitro suppons our hypothesis that synaptic canners (not sun/port ceils or cell-autonomous mechanisms) are the 
dominant regulators of transmitter receptor maturation. / 

b. Regulation of nAChR channels: Upon finding tnat innervation of sympathetic neurons in vitro elicited 
significant changes in nAChR gene expression, we pursued macroscopic and single channel studies delineated in 
Aim 1 parts 1 & 4. These studies: (i) assessed how arfterations in subunit gene expression affected the profile of 
nAChR channel subtypes, and (ii) dissected the suaonit composition of nAChRs before and after innervation. The 
ACh-elicited macroscopic currents in in vitro mnepvated neurons ranged from 4-10 fold larger than uninnervated 
controls/ 3 31 Within ceil compansons of qPCR dat^and nAChR mediated responses demonstrated a strong, positive 
correiation cetween net ACh-conductance n e/ifte integrated current, corrected for cellular capacitance) and the 
eveis of nAChR mRNA/neuron. in addition, \j/e amplitude and kinetics of TTX-resistant. nAChR-mediated synaptic 
:urrenis isPSCs) P3P4 suggests that in vitro/w nervation, like in vivo development, increases the number of large 
conauciance k brief duration (t : ) nAChR? 7 e comoined results of synaptic current analysis ana same-cell qPCR 
assavs cf nAChR subunit mRNA. support croposar 3P4 that presynaptic input increases me expression of 
nAChR complexes that include both/^S <;.na o (with B4). Furthermore, presynaptic :nout strongly induced 
expression of nl containing nAChR dompiexes m postsynaptic (i.e. SyMp) neurons compared with non-innervated 
controls" 3 =-i "hese results are discyssea in more aeptn in Progress on Aim 2. 

.Ve aiso completed proposed/studies canning changes in the functional contribution cr the a3. a5 and a7 
subunits to SyMp nAChRs. P: /■ 2:3.219 w e crooed the contribution of individual nAChR suounits to the single 
channel profile of SyMps. before and after innervation, using subunit specific antisense Oligonucleotides and 
selected pharmacological agents. A comDenaium of the changing.array of nAChR subtypes ana subunit complexes 
expressea curing ganglionirc/synaptogenesis was published in back-to-bacK papers (in J. Physioi. (Lond.)) early in 
•9932122:9 i n sum, theseystudies revealed far greater complexity in the synaptogenesis associated changes in 
nAChR channels and in tneir apparent suounit composition than previously proposed. Briefly, we conclude that: 1 st , 
:he participation of a5 arid a7 in nAChR complexes steadily increases following innervation. R3ther than an abrupt 
developmental switclvto the mature nAChR channel profile, we found that all seven (!) nAChR subtypes were 
present auring synaptogenesis. 2 nd . the functional contribution of a3. a5 ana a7 subunits to distinct nAChR channels 
dictates the agonisf and antagonist sensitivity of each suctype. in addition to determining their v. open time kinetics 
S :J and cceningf probability (PoV 3 rd . in conjunction with numerous studies by other laboratories, the data 
summanzea ab^ve indicates that: ui native nAChRs can include mixes of more than one a tor ii 30 ) subunit, and (ii) 
native nAChRs have more diverse stoichiometrics than the 2a:3B configuration of "CNS-type u.4i52 nAChRs. Finally, 
cur results support the (admittedly controversial) idea that (iii) a7 oarticioates in heteromenc ana homomeric nAChR 
:omoiexe3r C uf current moael of SyMp nAChR suounit composition and the influence of botn incut and target on the 
orofiie of^iAChRs. is summarizea in the conclusion section of this progress report (and see* - & reprint enclosed). 
-Jthouon (sziil) "just a model", the proposal now oraws on the convergence of singie ceii cPCR. synaptic current. 
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- ^ ann e, anfsense an. P^g^^ t^^^^'^^^^ 

S ore^nd postsynaptic partners was we,, worth ^ ^ / 
* YMnt -rr * molecular mecnamsms of inn i - de P en ° pn .^ ^^u, h„p in Znaotic activity 

Actf SK • Subseouent studies assesse o whether '"P»™°g n g™^ motor (VM^SyMp synapses 

no o r ^out-derived signals. All tests ^^^^^^^ s ^ or 24-48 hrt wittTexamethonium. d- 
lauiate nAChRs vieided a resounding no O .ronically ' P" 00 ™ 1 ^' 1 * subunit exDression. channel profile or on the 
-C 9U "eca m y 1 an,,ne. or oombina^ 

i^^^STS^ - re? u,a,e nAChR axorass.on. 7 

b mpuK*** "fccors".. We nexues.ac =°^ u *~ 
^ioo'o XS o^VSfr^ a^^SvMq^^^^o^by ^N£g5££ 
S of VMN-dSd "embrane-associa.aj factors ae »"»X^. d 5^» «a?™m of SyMps with native 

. -~ rpn NRfis and la-NRGs (a.k.a. ARIA. GGPii). me iauer biuuie* »< j£ treatment with antisense 

Tr^omSnant ^orotein and "functional deletion' of candidate regula .tors n/w , VMM b^treatment ^ 
JSuSotSes 'Sed to selectively block translator , (as ^P"^^.. C RD-NRG is a (the?) VMM- 
-Tur^U — blished in p1 and updated in Fig. P1-1. converge ° n a s {™ P^"-- dev eiopinq ganglionic synapses. 

signaueauired for expression of the ^ ° f S ' M P nA ? hRS by t 

:ve aemonstrated that: i. VMNs regulate tne level express on a W" e ininQ NRGs are the predom.nan 

'■nf charms involving both soluble and ccntact-aeoenaent Actors ^ CRD r e sustajned ( > 3 dayS ) 

Sorms expressed ?y PW^nic ne uron ^ reases in nAC hR subuntt gene 

joreauiation of a3, a5. a7 and (34 mRNA v-. .ara :te nsti c °y ne / „ jtn wltnout effect or elicited only trans ent 
expression Other candidate factors (e.g. Ig-NRGs. LlF T^Xoerimenfs (proposed as "long range studies") that 
afteSSns in nAChRs: iv. finally, we completed a c ^l^^ e ^^in^n\. uoregulalion of nAChRs and 
affirmeo fhat CRD-NRG plays a fundamental ro.e m the ^nj de^ CRD NRG-specific antisense 
ma™e high v. high Po and bnef -.0 nAChR ^a™e^7™*™nt o : V m in s Q ^ amJ severa , 

oSnucieotides blocked all of the nAChR .naucng actrvtf studies also revealed a contact- 
ed -mismatch' oligonucleotides were ^^^^^^^^c^chRs. Although postsynaptic nAChR 
mediated component of the ! input-depencent ^ e \ u f ^^^^^^ cnor to synapse formation, it was not 
nduction was strongly inh.bited by ,^^^ n ^a^^vitv in synaptic co-cultures of VM and SyMp neurons 

;omoieteiv blocked. The persistence of nAChR inayfc.n ,n ^ er . P NRG -inaependent mechanisms. Genetoc 
m.ant cc- cue to residual membrane tetherea C/D NKb ° r J° 0 , jmnauina are results of initial assays of the 
Stop ci CRD-NRG should resolve this issue below) P|^ c " l ^ y ^| t g a --v. f<1Ns S na SvMps. Not only were 
-ostsvnaotic nAChR channels at synaoses .n c / c "'^ Pc, their decay Kinet.cs were 

•he unit =PSC sma.i in amplitude (consistent ytm the re °^eo cost synapuc mDie svnaDllc currents. Thus 

^norma-.v s,ow ,F.g. P1-1B. ^ s '^ Mow ■, iong to) r^ChRs 

3S at abnormally low levels of CRD-^M^^ crd-NRG synthesis during ceve.opment or aging results in 
iithouan sDeculative. it also is possiDle Uvat cecreasea " _ y 

•earesi.on to embrvonic-type CNS nACJ>As i-e.> -.a- <= 7 m AChR sl cDNA expression revealed 

9 c Progress on the biochemical/haractenzationofCR^ are jn progress using 

-hat CRD-NRG is a non-hepann bind/g. spi.ee variant _ot NRG- A^P g s t0 ^^ n|w cr , romalo graph y of 
Tj- ,«^« q h rpn-NlRG fusion protmn exDressea in HfcK ceiis. smaii bocaits^^ pi-2). Affinity 
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(measurea by mRNA in situ hybridization (iSH) ana binding with an CRD-specific antibody, described in P1 ) strortgiy 
in visceral ana somatic motor poois. in cranial sensory and motor nuclei, in brainstem and in midbrain structures that 
are equivalent to mammalian aorsoiateraf. ventral tegmental and medial septal nuclei/ 550408 Particularly striking was 
;he eany ana selective targeting of CRD-NRG protein to axonal projections (e.g. see pl PigSa ( enclosed) supporting the 
proposea roie of CRD-NRG in regulating postsynaptic differentiation. Some of our more recent studies on the 
expression of CRD-NRG and NRG receptors (erb B2.3 ana 4) in mice are presented in Aim 2 ? '-. / 

Over the last year of the previous awara. we initiated studies of the role of CRD-NRG in the estjifDlishment and 
maturation of choiinoceptive synapses in mammalian PHS and CNS. These studies involved the^generation of a 
■mouse in wnich the CRD-encoaing exon of the Nrg-1 gene was selectively disrupted by homologous recombination. 
The generation of this CRD-NRG "knock out mouse and the first set of studies characterizing the effects of selective 
deletion of CRD-NRG at somatic motor synaoses. is described in detail in a submitted mani/scnpr 5 . included with 
:his application. / 

initial stuaies of central cholinergic projections in general, and of visceral motoneurons/m particular, indicate that 
loss of CRD-NRG results in aborted formation of choiinoceptive synapses and in y^lterea patterns of nAChR 
expression by both pre and postsynaptic neurons. In CRD-NRG"" mice. VMNs that nocmally express CRD-NRG, still 
extenaed axons into target sympathetic ganglia, and primary SyMps expressed detectable levels of nAChR subunit 
mRNAs ana channels. However, neither ganglionic nor neuromuscular choiinocejtftive synapses were sustained in 
CRD-NRG " mice. By PO, cholinergic axons withdrew and the postsynaptic nAChRs detected remained immature, 
both in their expression levels and in their spatial expression pattern (Fig.P1-3 jk p - 2 studies will examine 

the roie of CRD-NRG in the maturation of neuronal choiinoceptive synapses yf detail. 

PROGRESS ON AIM 2 STUDIES (Devav et al..1998 McGehee yRole, 1995: Roie & Berg, 1996 and 3 
manuscripts in preparation). Prior Aim 2 studies proDOsed to examine thsr developmental regulation of nAChRs, with a 
focus on the potential role of target interactions ana retrograde factors/ We resolved first to explore if the non-neural 
targets of sympathetic ganglia couid influence nAChRs expressed atine antecedent (ganglionic! synapse. Subsequent 
studies were to test if synaptic transmission ana/or retrograde soluole or membrane bound signals were required for 
iarget-aeoenaent changes in nAChR expression. We also planned studies of target-dependent regulation of CNS 
nAChRs. / 

1. Target-dependent regulation of nAChR subunit mRNA/expression & nAChR channels. 

Target-dependent changes in nAChR expression tif uninnervated SyMps This first line of studies of non- 
neurai target dependent changes in ganglionic nAChRs demonstrated that contact of SyMps with renal or cardiac 

tissue profoundly altered SyMp nAChRs. Furtnermorame profile of nAChR subtypes was differentially regulated by 
the two targets. SyMps were removed prior to innervation in vivo and maintained in vitro in the presence of renal or 
cardiac tissue targets and without presynaptic :r,om. Subsequent assays measurea the concentration dependence 
and profile of ACh-elicited macroscopic ana sinoie-channei currents, and used qPCR to quantitate the levels of 
expression of the a3. co, a" ana (34 nAChR mj^fslAs. The differential effects of the two targets were evident in each 
assav iFia.P2-1 & / 

Briefly. Kidney contact increasea the amcuiuoe or ACh-evoKed macroscooic currents ana inauced expression of 
~:gh-- jnef--o. naChR channels mat wece "c: cetectea in SyMps maintained in the acsence cf target. Consistent 
,v:in tne expression of a large number or relatively low-affinity nAChRs. cnannei activity shcwea uttle decline during 
^atcn recordings. Likewise, increases/in tne ACh concentration beyona wh at i n norma lly suoer-maximal, elicited 
•'urther increases in macroscooic cyfrent amplitude in SyMps contacting kid riy?' frrsyM ps without target or that 
contacted hean ACh-elicited macroscopic currents, were significantly smaller than the currents in SyMps co-cultured 
.vith kianey. The profile of nAChR^singie*cnannei currents recorded in SyMps + cardiocytes was distinct from that in 
SyMos without target or SyMps/contacting renal tissue. Most ACh-gated channels recorded in SyMps innervating 
hean were low v. long t 0 even/s (Fig.P2-1 p ' 3 :> V qPCR analysis of nAChR-suounit mRNAs revealed significant 
ncreases in the levels of expression of u}. ana i34 in aii neurons contacting the renal tissue exolants. In contrast, 
cardiac target contact, upreguiated a5. u~. ana \U. but not a3 mRNA (Table P1-1 & ^ 3 ). 

2. Role of synaptic^QCtivitv vs. target derived signals in the regulation of SvMp nAChR expression.. 

The ocserved oKanges in nAChR expression induced by contact with renal and cardiac tissue app ar to 
nvolve mecnanisms /r\a\ are aistmct from one another and from tne input-dertved (i.e. CRD-NRG mediated) 
^egutation of nAChRs. Treatment of input- ana target-naive SyMps with a membrane fraction prepared from cardiac 
tissue mimicked tfcfe effect of hean co-culture on nAChR expression. In contrast, cardiac-derived soluble factor(s) 
.vere without effect (e.g. l Achi + hean memorane 475 + o2pA, n=i8 vs. neurons aione 744 + 66 pA. n=29). 

Neithe^/soiuble factors or membrane fractions from renal tissue mimicked the effects of kidney contact, 
"urther analysis of SyMp nAChRs induction oy Kidney indicated that in this case, synaptic transmission between 
sympatneti^r neurons and renai target was reauired. Concomitant addition of a ana 6 adrenergic receptor antagonists 
:o sympathetic neuron-kidney co-cuitures eliminated the inductive effects of kidney on nAChR subunits (e.g. a3 
"RNA;^yfvIps + -.loney: 240 ± 30* o of control vs. SyMps <idney + adrenergic blockers: 105 ~ ^0 % control. n= 3). 
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The reauirement for adrenergic transmission in the renal induction of neuronal nAChR expression is reminiscent/6f 
target-mduced changes in the neurotransmitter phenotype of developing sympathetic ganglia. :e9 / 

3. Coordinate target- and input induced changes in ganglionic nAChRs. Our prior Our prior studies 
implicitly assumed that the final array of nAChRs at mature ganglionic synapses is dictated by the combined 
influences of pre- and post-synaptic panners. Hence, the 'ultimate' experiment requires assessmam of the 
properties of nAChR channels on SyMps tnat are both innervated and in contact with specific target As patch 
clamo recording of synaptic channels per se is difficult (due to the physical barrier of the overlying presynaptic 
boutom. we conducted a detailed analysis of synaptic currents in SyMps contacting cardiac or n_mai target. The 
comDined influence of input and target, as wen as the specific impact of each target tissue, on nAGriRs. was evident 
in cnanges in the biophysical profile of synaptic nAChRs and in nAChR expression (Fig P2-2. pdtble P1-1, b low & 
~ 2 . enclosed). The ability of concomitant innervation and target contact in vitro, to recapitulate in vivo nAChR 
expression, indicates that synaptic panners (rather than support cells or cell-autonomous ytechanisms) dictate the 
profile or nAChRs expressed at mature. PNS cholinoceotive synapses. / 

SUMMARY OF PROGRESS / 

As originally proposed, we determined the net effects of input and target contact on the expression of nAChR 
subunits and on the properties of nAChR channels in developing chick sympathetic gangiia. We conclude that 
anterocraae and retrograde signals dictate the ultimate array of synaptic nACJ*Rs in the PNS (Table P1-2). We 
identified a candidate presynaptic-derived signai as a novel, neural-specific HRJe isoform that is expressed by VMNs 
prior to ganglionic synaptogenesis. Finally, we demonstrated that this novei, / Wrg-1 gene product is essential for the 
input-aeDendent maturation nAChR. Studies initiated toward defining the rote of CRD-NRG in the regulation of CNS 
nAChRs include our generation of an isoform specific "knock out" mouse/ 
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neureguiin isoforms in the activation of Her3 vs. Her 4 receptors depends on N-termina( sequence domain. 
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CRD neureguiin. y 

*3. Wolpowitz. D.. Mason. A., Davis. T . Epstein. D. and Role. L.W. (1999) Expna&sion of CRD-NRG and erbB3 and 
erbB4 in centra! and peripheral neurons during development of the mouse/^ 

14. Wolpowitz. D.. Mason. A., Epstein. D.. Davis. T.. Orr-Urtreger, A. a66 Role. L.W. (1999) Development of 
cholinergic projections and expression of nAChR a3,a4,a5.a7 and &2 subunits in the developing mouse brain 
and spinal cord. / 

15. Girod. R., Jareb. M. and Role, L.W. (1999) Targeting of a7-con*^ining nAChRs to presynaptic sites at visceral 
motor-sympathetic neuron synapses. / 

16. Du. C. Jareb. M., Devay, P. and Role. L.W. (1999) CRD-pn^uregulin is required for increased expression and 
targeting of presynaptic nAChRs at visceral motor-sympatiaBtic ganglion synapses. 

1 7. Barazangi, N. -and Role, L. (1999) Nicotine-induce^r enhancement of excitatory and inhibitory synaptic 
transmission in mouse amygdala. / 

D. RESEARCH DESIGN AND METHODS / 

AIM 1: DO NEURON-NEURON INTERACTIONS R^ULATE THE EXPRESSION, FUNCTIONAL PROFILE AND 
CELLULAR DISTRIBUTION OF CNS nApftRS? 

Overail Rationale for Aim 1 Studies: ~/ 

Neuronal nAChRs play a key role in coprfroffing synaptic gain" throughout the CNS. Hence, the cellular and 
molecular mechanisms that control the e/pression and synaptic targeting of these receptors are fundamentally 
important. Aim 1 studies test the hyopuiesis that interactions with input and target neurons are requir d 
for the maturation of cholinoceptp/e synapses in the CNS. The experimental design of Aim 1 was guided 

by consideration of: 1 st . Prior demonstrations that both input and non-neural target interactions regulate 
peripheral (ganglionic) cholinoce^five sites in chick (see Background & Progress) 2 P °. Recent reports that the 
levels of expression, and perha^Js the composition, of nAChRs change during the period of synaptogenesis in brain 
and SDinal cord (see Backgnzfund) and 3 ra : Our orenminary work toward this renewal application (see& Progress & 
below). We will test if obs^ved "developmental changes ' in nAChR expression are specifically induced by pre and 
postsynaptic Dartners in/(ne CNS. as tney are in tne PNS. Proposea exDeriments employ Dioohysicai and molecular 
:echniaues to study pmft avian and mammalian cnoimoceDtive synapses. The leap to mouse . .vnile keeping bird in 
nana (sorry), reflects the particular advantages c: eacn system: the cnick offers relative simplicity, accessibility, and 
an unDaraiieleo/font of background data Trcm cecaaes of scrutiny. Nevenhetess. the cmcK refuses to submit to 
lassie moiepdiar genetic techniques - -=n uncensaoie limitation to our interests in developmental mechanisms: 
Hence: tno/oroposed work in mouse. . 
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More than ha of Z experimen ts in Aim ^ utilize primary chick or mouse neurons in synaptic cultures, 
sturiie of sv£aP?ic maturaSnTwfro. are straiahtforward - ideal actually, for proposed analyses^/ pre and 
oo^waon ^^ChRs We also will pursue our initial studies of CNS cholinoceptive synapses ,n intact (slice) 
P oJSn« Aithouah certainly more complex the slice studies are essential to understanding now/cholinoceptive 
l^^'S^^^^^s^ exoeriments provide the essential groundwork ^tudies of mice 
sites ma ure * " nuta tive V messenoers" that control nAChR expression in vivo (see Aim 2). Aim 1, 

? ? ^ tlst for effec T&^LL7£nxa* on two classes of CNS neurons that exppeVs nAChRs in both 
somata MndriS and axon dornams - the v,sceral motor (VMN) and medial hjfenuia (MHN) nuclei. 

Studies 4- 6 Examine the development of nAChR-mediated responses at 2 sites of projec^n or the med.al septal. 
n=.Qai fnrpnrain and Dedunculopontine cholineraic svstems - the IPN and amygdala. / , 

i^e^i^sS^coSiunums examine: .a) The number and profile of nAChR/fianneis using macroscopic 
,nri s no fcnannef current recording: (b) The levels and profile of nAChR subunit gen/expression by qPCR; (c) The 
l^^s^Sn^^^^si^ta-iienanuc vs. axonal domains by agonist-educed changes in calcium and 

by mapping the distnbution of tagged-nAChRs expres^d in primary neurons following 
iT^^^M^on^) The segregat.cn and clustering of ^'^^^^ h ^ c \^^ 
-hannei catch mapping" of individual neurons. Finally, in synaptic co-cultupes. (e) targeting of nAChRs to axon 
Temiinais ^preterminal regions by assavs of nAChR-mediated facilitation o>4pontaneous and evoked transmission^ 
?n^o°chSm^o^B%napses in intact si.ce assess: (a) The profile /the nAChR subunit mRNA expressed in 
SSuaTneun^ of somata-dendritic nAChRs by/acroscopic (perforated patch) recording of 

nicotic ■ aaonSSiicSid responses: and (c) The exoress-on of presynaptic nAChRs by monitonng ACh-,nduced 
facilitation of spontaneous and evoked synaptic transmission. 



AIM 1: PROPOSED EXPERIMENTS: 
Part 1: Does interaction with neuronal targets regulate C 



nAChRs? 



Aim 1 *tudv 1- Determine if nAChR gene expression bv CNS cholinoceptive neurons is alt red by 
?™JJJ "? Y Jh tH^r Tast^vneotic partners The fol lowing experiments provide an important molecular gauge 
[T^^^e^&^totoQ\<Si analyses or recepfor regulation. Although changes in subunit gene expression 
^ofbT^SSto changes in the profile / functional, surface nAChRs. overall trends and even sma 
Sanies? li^ gene expression have provide/important hints as to possible alterations in the nAChR . channel 
orofile We are aware that even massive surges /mRNA levels do not reliably predict changes .n levels of encoded 
product. As such me molecular analysis'/done in the context of (often in the same cell as) detailed 

plectroDhvsioloqicai study of the nAChR channfeis. . . 

Jectrapnys o g y ^ ^ ^. ^ chR mRNAg a|tereg dunnq thR t of n VIV0 

^vnant ^etis? We will measure a2. a/ u4. a5. a7, a8. (32 and p4 mRNAs in VMN and MHN prior to, and 
SK^^feting taroet SyMps or iP/resoeci.velv. Tissue extracts of the VMN ana MHN are prepared for first 
ir^SsHd qPCR aXs foilow.na metnoas as in ~. Changes in the profile or level of nAChR 
SrNAs rrcm tne -pre^ynaptogenesXseiine are consistent with possible effects of mout ana/or target on nAChR 

-^xDressicn. / -reiiminarv studies reveal significant increases and decreases in 

----- - . ltne i e veis of specific nAChRs mRNAs in ooth VMN ana MHN during 

.^r^^^^^^^J: 3 """ 3 \ Z£ooLnl (Table A1-1). Di. injections and immunochemical 

: * ' P2 ■ Ii4 j smaies indicate that chick MHN and VMN initially project to their targets 

'by -E9: in mouse cholinergic projections are detected within target IPN 

ana in SyMps bv E16. 

-» Exat 2: Are developmental changes in nAChR Rxnression in vivo 
recapitulated bv target-neuron contact in vitro'? We wiil test whether 



a3 I ct4 i a5/ a7 



Vise. Motor 

£ 18 vs. PC. ~ouse 
E 9 vs. £13. C"ICK 
Med. Habenuia 
£ 16 vs. PC "use 
E 11 vs. E*7 -nick 



ND 



= iivs E"-ck i /- : ■ . . - |contact with target SyMp or iPN alters nAChR suDunit mRNAs in 

qPCR assay of chick t/sue extracts: mouse oata ' presynaptic VMN or MHN neurons in vitro. All cell cultures are prepared 
from --side-by-side" iryfeitu assays < fN 1 . Methods). from svn aptically-naive " tissue (i.e. removed prior to the establishment 

no-, not determined: - /o change or low signal. Qf t et interactions in vivo: see 42 43 64 215 Progress & Methods). 

Followina eiec/ophysiological assay of nAChR-mediated currents (see below), the cytosol of individual neurons is 
-nllectea" and/The sample processed for qPCR using our standard procedures and controls.- 

^° Sffi The express^ of CNS nAChRs is strongly regulated by target 'nteract.ons , i .fact co- 

culture of /hick VMN neurons with target SvMos qualitatively recapitulateo the normal developmental changes in 
nAChR D/bfiie ( Fig A1-1 Table A1-1) The regulation of a3 ana a5 in developing chick MHN in vivo did not match 
♦araet c^tact associated changes seen ,n vnro. These initial results could be in error <n=2 for eacn assay), or a3 
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ol .j 1c may be regulate *\ . a rgoMpn. P ri factors Preliminary studies of developing mouse VMN and^HN 

show changes in nAChR subunit gene expression similar to those in chick ■( Fig. A1 -1 ; Table A1 -1 ) 

Mm 1 Studv 2- A r neuron*! responses to nicotinic agonists i n fluenced bv interactions with postsynaptic 
partners? We wiil complement measures of nAChR subunit mRNA (as above) by the following physirtSgical assays 
of nAChR protein complexes (albeit limited to surface protein and nAChR complexes that are ga>ed by agonist). 
PrPvTous studies of nAChR expression ana nAChR mediated currents in chick PNS revealed coor^nate changes in 
these Darameters with innervation of non-neural target tissues (see- - 3 215 & Progress ). / 

Exot. 3- Macroscopic current responses to applied agonists and antagonists will be recorded by whole cell 
natch ciamD of VMN or MHN neurons removea prior to target interactions in vivo and maintained in vitro ± target 
SvMd or IPN neurons. Alterations in the numoer of surface nAChR channels is mea/ured by companng the 
maanituae of macroscopic currents elicited bv max.mal concentrations of agonist (I,; corrected for cell capacitance). 
Alterations in the underlying nAChR subtypes might be evident as changes in agonist arid antagonist pharmacology 
or as chanaes in the activation and desens.tizat.on kinetics of agonist-gated macroscopic currents, as we have 
oreviouslv detailed (e.g. see Progress). We w.il assay the concentration-dependence of the macroscopic current 
responses and desensitization profiles with ACh (5-7 doses between 1 - 500 uMJ/aVid nicotine (0.1-50 u.M). We also 
will examine the susceptibility of agonist evoked currents to nBgTx (10 vs. 100 fA). aBgTx (10 vs. 500nM) and MLA 
(0 1 vs 10 nM) Experimental protocols for recording, analyses and drug application (by pressure ejection or local 
micro-oerfusion with opposite-directed macro-perfusion) have been publish^ 2 ' 8 - 219 . In view of results presented in 
Fig. A1-1, we predict significant changes in ACh-eiicited responses consistent with alterations in the number and 

subtypes of nAChR channels. / .. , . <v/ m K i 

+ E ' X p t 4 - Mom detailed analysis of chanaes in the profile of n A ChRs^ithin the somata-dendritic domains of VMN 
an d MHN^nenrnns will be assayed using sinoie cnannei recordings /Single channel events elicited by low agonist 
concentrations leg 5 uM ACh; 0.1 uM nicotine) are collected b/ continuous recording in cell attached patches. 
Recoras are analyzed for the presence of one or more nAChR/ubtypes based on distinct chord conductance ( 7c ; 
from -90 to -40mV holding potential), open curat.on kinetics A) and probability of opening (Po)asa Junction of 
continuous exposure to agonist (i.e. probability density functions) as previously described. - 123 Yu — • ■ 

Prpu minary recordings of nAChR single channel cy/fents in P0 mouse neurons reveal multiple channel 
subtypes, distinct in y c , t„ and P, (inset pane,: cal.b: 1pA/x 2ms). Current/voltage (l/V) plots indicate ° f 
some subtypes at strongly hyperpolanzed ana/or near aiSro transmembrane potent.als. All IA/s are ohm.c betoween - 
90 and -40 mV the range chosen for chora conductance measures. Prior single channel studies of chick SyMp 
AChRs = non-neural targets, revealed target-spe/fic changes in the nAChR channel expression profile ( & 
Progress). 

Aim 1 Study 3 Determine if the distribution of n AChRs betw e en somata-dendritic vs. axonal d mains of 
CNS cholinocentive neurons is altered fa/ interactions with postsynaptic partners. Initial studies, using Ca 
■maoinq and focal application of nicotine./uggest that the targeting and/or clustering or nAChRs at presynap tic 
^rmmais of VMN or MHN neurons reouirsi cirect contact with target neurons «■" = . Thus, we can aetect presynaptic 
^cotine-maucea increases in Ca-sianai/c c-.iv at trie site of neunte-neunte contact ana. rarely, aiong axons within 
arge fiber ounaies Although these firWinas mav reriect the actual distribution or nAChRs (i.e. low aiong axons, high 
at sites of contact) the possibility re/hains tnat tne assay is not sufficiently sensitive. We wnl determine the role of 
neuron-neuron interactions in targeting nAChRs to axonal domains in in vitro preparations using a vanety of 
techmaues chosen to improve resolution ana reliability. 

E xpt. 5- F'ectroDhvsioloafcai assays of somata-dendritic nAChRs. VMN or MHN neurons are removed pnor to 
>araet ccntacT/n vivo and mai/tainea in vitro as ■micro-thinned- expiants (Methods) in the presence or absence of 
target neurons. Neurite-neurife contacts wnl be visualized with Nomarski DIC optics. ACh (3mM + 1uM atropine) is 
applied from a fine tipped /f<1 urn ) pressure eiection pipette to regions of the neuronal soma and processes to 
optimize focal agonist application (area -"0-15 urn vs. > 100 urn by standard protocol). Whole cell voltage clamp 
-ecoraina (+TTX) reveal/ the relative sensitivity of 5-10 distinct sites within -lOOum radius or the cell soma. The 
nAChR-meaiated responses are analyzea as L. corrected for length constant and distance from the soma. 
Preliminary results usirfq this approach are shown in Fig. A1 -2 (top;. 

Exot 6- Ca i m&aina assays of axon & axon terminal domain nAChRs. Complimentary studies mapping the 
distribution^ nACbIRs along neuntes and at presynaptic sites of VMN-SyMp and MHN-IPN contact utilize Ca- 
imaaina of fura-2 AM treated neurons. As in previous studies, photometry and ratiometnc measures ot tne time 
-ourse"and exter/ of changes in (Ca], are aetermined in response to focal nicotine application. We have achieved 
-onsiaerable improvement in our sianal-to-noise bv including Mn : * in the intracellular recording solution to quench 
Postsynaptic r/cotine-evoked chanaes in fCal Fig. A1-2 (bottom). The use of a cooled-CCD camera is required to 
Optimize sign/ sufficient for reliable cetection of oresvnaDtic nAChRs on single axons ana at presynaptic Doutons. 



^ithou^n E'35 and P0 hybridizations were orocessea toaetner. thus controlling for oroDe labeling, r.yondization and wash 
;onoitions<ano oeveiooment time, this comparison is qualitative ano as such, requires tne quantitati v e analyses proposed. 
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Expt 7 : Changes in the nAChR distribution within the somata-dendritic domains of VMN and MHN neuptffis 
will be assayed in more detail by single channel recording. These studies employ the technique of "patch m?f?ping" 
developed and utilized by us ( 123 & Methods). This technique assays nAChR channels on an individuaj/fTeuronal 
soma by repeat cell-attached patch recording at >5 sites. The clustering of nAChRs is evident in single channel 
recoras as patches with multiple channels (overlapping events) interspersed with patches that have/no detectable 
openings. ' s 123 Segregation of nAChR channel subtypes is evident as patches that include opepKngs of only one 
nAChR subtype (distinguished by measurement of y, average x 0 and P 5 ). Both "phenotypes ' oKnAChR maturation 
were detected with innervation of chick SyMps tn vivo and in viiro )23 :2 *. Previous studies of atiutely dispersed MHN 
neurons unveiied developmental changes in the profile of somatic nAChR channels during / synaptogenesis in vivo. 
Comparison of typical single channel recoras from E11 vs. E17 chick MHN neurons naveals more "high density" 
nAChR patches (clustering?) and fewer mixed nAChR-subtype recordings (segregation?) at E17 f s , enclosed). 

Expt 8: Regulation of axonai targeting of nAChR channels assayed bvymeasurino nicotine stimulated 
transmitter release. A simple and sensitive assay of nAChRs in axonat domaip^ is to monitor nir.ntinp inrinr.ftri 
presynaptic facilitation (as in 69.7o.nsy | n these experiments whole cell or perforatera patch recording is used to record 
spontaneous (sPSC) and evoked postsynaptic currents (EPSC) before an/f after focal application of nicotine. 
Obviously, this approach is limited to studying presynaptic nAChRs in neurons following target contact.. Growing 
neurites and initial contacts are readily visualized in co-cultures examined within 24 hours of plating pre- with 
postsynaptic neurons. The onset and development of nAChR-mediatao synaptic facilitation will be monitored by 
continuous recording in visually contacted, postsynaptic SyMp or IPNk'neurons. Measurement of sPSC frequency 
with nicotine application to sites of presynaptic-postsynaptic contact will be used to assess the time course and 
extent of nAChRs targeting to VMN or MHN presynaptic terminals./ 

Previous imaging and physiology studies cccument that nAChRs are targeted to presynaptic sites within -48 
hours of chick VMN-SyMp or MHN-iPN neuron co-culture 69 - 7 °y^. Preliminary studies in TTX-treated IPN slice from 
P0 mouse, confirm the presynaptic localization of nAChRVat Teal" MHN-IPN synapses. Application of 10 >iM 
nicotine in the vicinity of v-ciamped IPN neurons in the sl^ elicits a brisk increase in synaptic current frequency 
wiithout changes in sPSC amplitude (sEPSCs. Fig. AV5, below) that is sustained for ~5 min. consistent with 
presynaptic nAChRs on excitatory afferents. Although S^Mp and IPN neurons are cholinoceptive. the apparent K m of 
somata-dendritic nAChRs is several orders of magnitude higher than that of presynaptic nAChRs (see in 115 , 
enclosed). We do not detect direct current resoonses in SyMp or iPN post-synaptic neurons. to the low doses of 
nicotine (< 1 uM) used in these studies. / 

Expt 9 - Assay of target-contact inducea changes in the distribution of ecto-domain tagged nAChRs . Although 
the laboratory has considerable experience wmtf' the above techniques, the Ca imaging and recording assays are 
limited in sensitivity and in spatial resolution, respectively. We have developed one more approach to assay nAChR 
distribution. These studies employ adenovfrus-mediated infection of primary chick and mouse neurons with 
constructs encoding ecto-domain tagged ryfchR subunits (see Methods). VMN or MHN neurons, removed prior to in 
vivo target contact, are infected with epitope-taggea versions of a7. or of a4 and (32 ± u5. The distribution of surface 
nAChRs is mapped by fluorescence imaging of eoitope-immunoreactivity in living neurons maintained either alone or 
in the oresence of target neurons. P/eliminarv studies confirm that FLAG-taggea nAChR suounits participate in 
*unct:cnat nAChR channels and are Gfetectaoie m ooth somata-dendritic ano axonai domains of neurons in vitro (data 
not snown & see Fig . A2-3, belowY 

Aim 1 . Part 2: Do cholinergic afferents regulate pre- and postsynaptic nAChRs in the CNS? 

Our preliminary studies and published work document significant changes in the expression of specific 
nAChRs following the arrivaj/of cholinergic projections in limbic telencephaiic and diencephalic structures of chick, 
mouse, rat and humans. ,,5 §^ 121 - 138 ' 174 223 Tn view of these findings, and the important role of cholinergic afferents in 
the regulation of nAChRs in the PNS. we crooose the following experiments to test whether cholinergic input 
reguiates nAChRs at twor important sites of cholinergic projection in the CNS: the IPN ana amygdala. 

The decision to foods these studies of nAChR regulation in IPN ana amygdala is based on orevious studies in 
chick, rat and humar/and on results of our cretiminary survey of the development of cholinoceptive synapses in 
mouse CNS. In sum< 1 st : Both sites are heavily innervated by basal foreoraln cholinergic nuclei and include neurons 
with roDust nAChS^expression. 2 nd : Pre- ana/or oostsynaptic nAChRs have been implicated in controlling synaptic 
excitability within/both these brain regions. 3 ra : c unctions subserved by both regions appear to be compromised in 
neurodegenerative diseases such as Alzheimer s and Parkinsons (see Background). In addition, 4 th : Analysis of 
choiinoceptivp sites in mouse IPN affords us tne opportunity to compare results obtaineo in mammalian CNS with 
findings from studies of avian IPN. 5 m ; Analysis of synaptic development of mouse iPN in vivo constitutes the 
fundamental groundwork for Aim 2 studies of the CRD-NRG"'" mouse. On the other hand, we are aware of potential 
difficulties^ studying synaptic maturation in mouse IPN. due to the early development of this region and the general 
view xtyst it is difficult to get duality recordings in prenatal brain slices. In other preliminary studies, we found that 6 th : 
; he oevelooment of cholinergic projections to and maturation of cholinoceptive synapses within amygdala occur 
iargefy postnataily, and 7 th : The regions of cholinoceptive synapses wuhin the amygdala are weil defined suggesting 
thar developmental studies of cholinoceDtive sues in mouse amygdala should be more techntcaily straightforward. If 

{ PHS 3 98 (Rev. 4/98) " Page -0 

*- rjHiHUMPfingnr mne or ntiwh/ at thft hnttnm fhr^nqnout thP ap ntiratigp Qp not use suffixes sucn as 3a. 3b. 



37 




recording from emDryonic 1PN in slice preparations proves more proolematic than our preliminary studies sa^gest 
(see below), we will modify the experimental plan as follows. First, electrophysiological studies of mou^elPN will 
utilize ceil culture and synaptic co-cuiture preparations. Second, the proposed electrophysiological studjjers of nAChR 
maturation in vivo will be confined to studies of amygdala slice preparations. 

Aim 1 Study 4: Determine if contact by afferent projections regulates the exp ression of nAQfaRs. 

Expt 10 : We will determine the time course of cholinergic projection to the IPN ap6 amygdala in vivo. 
Developing cnoiinergic neurons and their projections are mapped with protein and mRNA efroDes to the Vesicular 
Acetylcholine Transporter (VAT) ana by a modified AChE histochemicai method in fre&n frozen or fixed/ frozen 
cryostat sections (Methods). Cholinergic projections to the IPN emanate from the verticaj/limb of the Diagonal band 
N. (DBv). the medial septal and the dorsolateral tegmental nucleus. Cholinergic afferent? to the amygdala arise from 
the horizontal limb of the Diagonal band N. (DBh). the nucleus Basalis of Meynart. apfd the magnocellular preoptic 
area, via the medial forebrain bundle. Neither the IPN nor amygdala has intrinsic cholinergic neurons. 

Expt 11: The pattern of nAChR suDunits expressed in pre- and postsynaptic neurons will be assessed by 
iSH, using 35 S-labeled, rather than digoxin-labled. probes to a3. <x4, a5, a7. (32 aafb (34 . Probes wiii be hybridized to 
tissue sections (as above), and the extent of hybridization quantified using the^elide scanner and autoradiographic 
image analysis system requested. 

Expt 12: We will further quantify in vivo developmental changes in nAGfiR subunit expression by qPCR assay 
of mRNAs from tissue "punches" of IPN and amygdala obtained before and after the arrival of cholin rgic 
projections. Preliminary data on mouse IPN and amygdala (summarized/in Table A1-2) include the detection of 
cholinergic inDut as early as E16 in IPN. whereas only growth cone (g£) tipped fibers are detected in E18.5/ PO 
amygdala. The levels of expression and the number of IPN neurons ylth positive signal for each nAChR subunit 
mRNA are increased by PO in mouse ana rat (Table A1-2; Fig/A1-3 & 2C6 ). Likewise, there is significant 
upreguiation of nAChRs concurrent with the arrival of 



TABLE 
A1-2 / 


/ AChE 
* Fibers 


a3 


oc4 




a7 ! 


(J2 


IPN / 


i * 

E 












E16 / 


+■ 




* 


+■ 






E18/P/ 


+++ 


+/- 




++ 


+/- 




P7 / 


+++ 


++ 


+4- 


+++ i 




+ 


AM/G 

E1B 

B18/P0 
/P7 


+ (gc) 


+/- 
ND 


+ + 


+/- 


* 

+ 
+++ 





"Amygaaia" refers to 2 major cnoiinoceptive suDregions. tne Da so lateral nucleus 
(BLA), ana the Nucleus of the lateral olfactory tract nuciei (NLOT). {gc)= growth cone 
tipped AChE * r oers. ND= not aetermmea 



cholinergic projections to two of the major 
cholinoceptive subnuclei of the amygdala-- :'ne 
basolateral amygdaloid nucleus (BLA) and the nucleus 
of the lateral olfactory tract (NLOT). Basea on the 
timing of the initial nAChR induction within many CNS 
regions, we focussed our proposed mouse studies on 
the IPN (E16-18) and amygdala (P0-P7V In both 
regions, the pre and postsynaptic elements can be 
reliably identified and isolated throughout the period of 
iikely input-dependent nAChR regulation. 
-» Expt 13: We will determine if cholinergic afferen 
regulate the nAChR subunit mRNA profiles m CNS neurons in vitro. The IPN can be removed from chick or mouse 
prior to innervation in vivo and maintained in vitno in the presence or absence of presynaptic MHN neurons, a 
orominent source of cholinergic and non-cnonnetgic afferents. We collect cytosol for singie ceil qPCR following 
eiectroDnysioioaicai characterization and assessment of the innervation status of the neuron studied (see below). 
Note tnat the protocols involved in these a nor in the following in vitro studies of IPN neurons - MHN input are 
dentical to those outlined in Aim 1 Studies yf-3. Although we present this study separately for intellectual clarity (I 
hope), the analysis will be conducted on tbe same in vitro preparations. Preliminary studies mcicate that a.3,4,5,7, 
.iZ and 134 subunit genes are expressed by E 10 chick IPN neurons ana that in vitro innervation dv MHN significantly 
up or down regulates the levels of all subunit mRNAs except co ( Fig. A1-3). 

Expt 14: We will determine tha^imoact of cholinergic afferents on nAChR expression in individ ual neurons of 
mouse iPN ana amygdala. folloWha electrophysiological characterization of intact (slicej prep arations. Slice 
preparations including the region off the IPN ana surrounding afferent fibers are prepared from t=15. E18.5/P0 and P7 
animais (Methods). Slice preparations of the amygdala are prepared so as to include the BLA and NLOT of PO, P7 
and P14 mice ( see Method^). Collection of individual neuronal cytosols and qPCR assays will be performed 
following characterization gjnhe electrophysiological profile and marking of the neurons for suosequent relocation 
and AChE staining ( as iriXim 1 Study 1 . & see below). 

Aim 1 Study 5r Determine if input regulates nAChR-mediated currents in CNS neurons. Preliminary 
results of Expts 10/f4 suggest that cholinergic projections arrive just prior to observed changes in nAChR subunit 
gene expression/n mouse IPN and amygaaia (- E17-P0 and P0-P7. respectively). The timing of these events is, 
therefore, at \east consistent with cholinergic afferents exerting an instructive role in the regulation of nAChR profile. 
This tempora/correlation is not terribly imformative however, since synaptogenesis by extrinsic and intrinsic non- 
cholinerg'ic/neurons occurs during the same general time. We will determine the role of cholinergic and non- 
cholinerorc afferents in controlling nAChR profile by manipulating the neuronal interactions of PO amygdala in in vitro 
cultures ana cc-cuitures. The amygaaia is well suited to these experiments because of the aosence of intrinsic 
[eraic neurons and the fact that the BLA and NLOT are normally interconnected with adjacent subregions of 
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amygdala. We measure changes in the number and profile of nAChR channels in cultures of BLA and NLOT aiprfe 
with those in co-cultures of amygdala with septal cholinergic area microexpiants (see Methods) before and^after 
contact by cholinergic vs. non-cholinergic afferents. / 
■» Expt 15: In vitro studies: Regulation of nAChR-mediated currents in IPN neurons by presynaptip/mput and 
cholinergic projections will be assessed in dispersed cultures of IPN with and without MHN. Innervation status is 
assessed by voltage damp recording of spontaneous (sEPSCs) and evoked synaptic currents. We will determine 
the pnarmacoiogical and biophysical characteristics of nAChR channels by analyzing macroscopic and single 
:nannei currents (Aim 1 Study 2). In vitro physiological analysis and collection of samples forx^PCR is followed by 
recording of the x and y co-ordinates and acquisition of a video image. On completion of the e^eriment, cultures are 
fixed and cholinergic fibers visualized by immunonistochemicai staining of AChE and VAT (See Methods). Recording 
and samDie collection protocols for these in vitro experiments are identical to those ytfbove. Preliminary studies 
demonstrate that nAChR-mediated currents in IPN neurons are regulated by presynaptic input from MHN neurons in 
synaptic co-cultures. The amplitude of ACh-ehcited macroscopic currents is greater/if innervated IPN neurons co- 
cultured with MHN compared to "IPN alone ' sibling cultures (Fig. A1-3). In situ and/Tmmunohistochemical probes to 
cholinergic markers (VAT, ChAT, and AChE) confirm that IPN and amygdala me devoid of intrinsic cholinergic 
neurons and that expiants of MHN include cholinergic (Fig. A1-4) and glutamatapgic projection neurons. 

Expt 16: Slice studies: Analysis of nAChR-mediated currents in intact/slice) preparations of mouse IPN and 
amygdala test for changes in nAChR physiology concurrent with innervation/1~hese studies assay macroscopic (and 
if possible, single channel) currents in slice preparations of IPN and amygdala. Agonist-elicited macroscopic currents 
are recorded in neurons within the slice using perforated patch recording: l p is measured, corrected for capacitance 
and pfotted vs. agonist or antagonist concentration in studies testing nAChR pharmacology (Study 2 above). The 
innervation status of each neuron is assessed by recording spontaneous synaptic activity (with and without TTX) and 
by bipolar electrode stimulation of the afferent fiber bundles surroun/mng the IPN. Evoked responses are elicited by 
stimulating within the lateral nucleus or by extracellular stimuiation/of the LOT , the major afferent sources to BLA 
and NLOT. respectively. / 

Preliminary studies demonstrate the feasibility of proposed eieofrophysiology studies in in vitro and slice recording 
preparations of IPN and amygdala (Fig A1-5 ana not shown)/initial recordings in slice preparations of mouse IPN 
reveal small macroscopic current responses and robust nicotme induced facilitation of synaptic currents (Fig. A1-5). 
The ability to form high resistance seals (>5G) in the slice ^preparations bodes well for proposed studies of somata- 
dendritic nAChRs channels in intact IPN ana amygdala. / 

Aim 1 Study 6: Determine if afferent projections alter the distribution of nAChRs on individual CNS 
neurons, / 

Expt 17: Electrophysiological assays of nACWR distribution in vitro. The distribution of surface nAChRs will be 

assayed in individual IPN and amygdala neuron/ removed prior to innervation in vivo and maintained in vitro ± 
expiants of cholinergic afferents. We wiil map/AChR "hotspots" by focal application of ACh at the somata and 
multiple regions of the proximal neurites and a^ons as described. 

Expt 18: Ca imaging assays of nACMH distribution in vitro. We wiil map nAChR distribution by Ca-imaging 
.sma tne nigher sensitivity cooled-CCD ap6 the Dnotometric and ratiometric methods described above. Analysis of 
manges in the clustering and/or segregation of specific nAChR channel subtypes within the somata-dendritic 
domains of iPN neurons will be assayed by paten mapping'' of IPN neurons. 

-» Expt 19: The distribution of nAghRs in vitro will be assayed following adenovirus-mediated transfer of epitope- 
'.aggea nAChR genes. We will exte/d preliminary studies of a4. p2 and a7 nAChR targeting to examine changes in 
receptor attribution associated With contact by cnolinergic vs. non-choiinergic afferents. Low level illumination of 
;mmunofiuorescent epitope-tag#ed nAChRs ana phsyioiogical assays of nAChR responses will be used to examine 
lAChR distribution in tiving neurons before ana after contact by presynaptic projections. Following in vitro assay of 
nAChR distribution, culture^are fixed, cholinergic fibers visualized by VAT immunoreactivity, and the pattern of VAT- 
positive - neurite contains are compared witn the distribution of epitope tagged nAChRs. Preliminary work 
demonstrates the feasibility of these approaches (see Fig. A2-3, below). 

Expt 20: Assay nAChR distribution on CNS neurons in intact (slice) preparations. Studies of the distribution of 
nAChRs at CNS synapses in mouse will examine pre- and postsynaptic nAChR-meoiated currents in individual 
neurons in slices of mouse IPN ana amygdala. These experiments wiil examine neurons at more superficial 
locations vvithiprthe slice to permit focal application of ACh and/or nicotine at the neuronal somata and proximal 
dendrites. Macroscopic current responses will be recorded and quantitated as described in Aim 1 Study 3. In all 
experiments the presence (or lack thereof) of synaptic input will be monitored electrophysiological^ and contact by 
cholinergic afferents assessed by AChE histochemical staining of marked neurons (Methods: and see Fig A1-5 and 
Aim lyStudy 4). The presence of presynaptic nAChRs on afferent projections within IPN and amygdala will be 
assayea by measuring the frequency of sPSCs in the presence and absence of nicotine. Nicotine is focally applied 
:o tbfe somata-dendritic region of the patch clamped IPN or amygdala neuron. Preliminary studies of mouse 
snV/gaaia neurons in vitro suggest that nicotinic responses are rare before the arrival of (extrinsic) cholinergic 
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projections. However, with establishment of synaptic connections the number and extent of nAChR melted 
synaptic facilitation is greatly increased. 

AIM 1: SUMMARY, EXPECTED RESULTS AND POTENTIAL PITFALLS 



Summary: Aim 1 studies test whether bi-directional communication among synaptic partners pia?s an essential 
role in the maturation of pre- and postsynaptic nAChRs. Proposed studies assess the contribution/of neuron-neuron 
interactions in regulating the expression and cellular targeting of pre and postsynaptic nAChRs during development. 

Expected Results: Although Aim 1 examines fundamental aspects of nAChR regulation if/the developing CNS 
the proposed studies are in surprisingly uncharted territory. From prior analyses of PNS syrfapses. we expect that 
interactions with both pre and postsynaptic neuronal partners will influence the levels, profile and distribution of 
nAChRs. Although ambitious, our proposal to examine nAChR maturation in both/intact and in co-culture 
preparations, will reveal the pattern of nAChR regulation by neuronal interactions in v'wjd and allow a more detailed, 
mechanistic analysis of these events, in vitro. Results from Aim 1 also constitute the essential "baseline" analysis of 
the maturation of CNS cholinoceptive sites. Aim 2 extends this work examining/the role of specific signaling 
molecules and cascades controlling nAChR development. 



Potential pitfalls: [1] An obvious gap in the proposal is the absence of studies using immunological or 
biochemical techniques to assay the expression and distribution of nAChR pptein. Subunit specific probes exist, 
and they have been used in elegant immunoprecipitation and immunohistocWemical studies of nAChRs (e.g. 6Torraa 
1997 #343.44. 145.162) focus of this proposal is to compare changes in the nACnR subunit profile with alterations in the 
nAChR channel subtypes expressed by individual neurons. Clearly, the amount of nAChR protein in a single cell can 
not be quantified by protein or immunochemical techniques (even if I weren 't biochemically-challenged). As such our 
assays of nAChR protein are necessarily confined to the functional, simace pool of nAChRs (i.e. as detected by 
electrophysiology). [2] The yield of Aim 1 studies largely depends oryfhe success of the combined molecular and 
physiological analyses of embryonic chick and perinatal mouse CNS^neurons in cultures and in slice preparations. 
Our experience with chick synaptic co-cultures is considerable: me feasibility of the mouse in vitro studies is 
documented in preliminary work. Although the slice techniques are/undeniably new to the lab. we've begun, over the 
past 2 years to add mouse brain slice recording to our repertoire: In the context of collaboration with Dr. R, Axel on 
the physiology of mouse accessory olfactory bulb. N. Barazaogi (key personnel) and Dr. Ron Yu (now in the Axel 
Lab) became proficient in slice recording of perinatal CNS tissue. I also updated my training by taking a "crash 
course" on preparing, and patch clamp recording in. mouse brain slices (a two-month "mini-sabbatical" in Dr. P. 
Aschers laboratory). [3] In sum, preliminary studies demonstrate the feasibility of the proposed molecular and 
biophysical analyses. Prior work documents our success/in similar studies of single cell qPCR and nAChR targeting 
in the PNS (see Progress). As we have already overcome the major technical hurdles of the proposed experiments, 
and several alternative approaches are delineated/the proposed studies have a high probability of generating 
substantial insight into the role of synaptic interactions in regulating CNS nAChRs. 

AIM 2: IS CRD-NRG REQUIRED FOR SYNA^TOGENESIS-INDUCED CHANGES IN CNS nAChRs? 



Overall Rationale for Aim 2 Studies: / 

Our previous work reveals that: 1: CRp4slRG. expressed by preganglionic neurons, is required for input-induced 
upreguiation of postsynaptic nAChRs rpr cnick sympathetic ganglia 215 . 2: CRD-NRG is expressed in brainstem 
visceral and somatic motor nuclei, a*nd by midbrain and forebrain cholinergic neurons in chick, mouse and 
human. 137 209 215 3: Most (if not all) cholinoceptive neurons in the CNS ana PNS express NRG receptors (erbBs). The 
convergence of these data led us jo hypothesize that CRD-NRG plays as important a role in the development and 
maturation of cholinoceptive svrv^pses in the CNS. as it does in the PNS. Aim 2 studies test this hypothesis by 
assessing whether CRD-NRG/^fbB mediated signaling controls the expression and targeting of pre and postsynaptic 
CNS nAChRs. / 
Overall Approach to Aim 2 Studies: 

Proposed studies tost the rote of CRD-NRG in the regulation of nAChRs at identified sites of cholinergic 
projection and of nACh^f, CRD-NRG and erbB receptor expression. We first test if CRD-NRG/erbB signaling mimics 
input or target-inducep changes in nAChR expression in vitro by adding recombinant CRD-NRG or erbB receptor to 
"synaptically naiveVneurons. Studies 1-3 address the following questions: 1. Can activation of CRD-NRG/erbB 
signaling alter expression of nAChR subunits? 2. Does CRD-NRG/erbB signaling influence the number and profile of 
nAChR channel/? 3. Does CRD-NRG/erbB signaling alter the targeting of nAChRs to somata-dendritic vs. axonal 
domains? Ne^v.- the most critical tests of our nypothesis. Studies 4 and 5 determine if CRD-NRG is required for 
input or target-induced maturation of nAChRs. in vitro analyses compare the expression, functional profile and 
distributioprof nAChRs in synaptic co-cuitures treated with control or antisense oligonucleotides targeted against 
CRD-NR<6. Finally, we assess the rote of CRD-NRG in the development of cholinoceptive synapses in studies of 
brain sfices from WT vs. CRD-NRG " mice. Studies of intact preparations will: 1 st ' Extend preliminary anatomical 
studj^s establishing the pattern of expression of CRD-NRG ana erbBs relative to synaptogenesis-induced changes 
in pfAChRs and last (but not least), assess the impact of CRD-NRG on the maturation of nAChR subunit gene 
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expression and targeting of nAChRs to cholinoceptive sites. The latter experiments compare WT, heterozygole 
CRD-NRG and CRD-NRG null mutant animals. Note that we have already generated the CRD-NRC' mfce, 
completed the basic characterization of the "knock-out" phenotype and begun preliminary studie s for this aspect of 
the proposal (see Progress). 




Mous^" in wVo"data refers to preliminary in situ analyses. All in 
data/refer to qPCR assays . no A ; no change in subunit lev Is. 
nor determined ; - or ?: measurement uncertainty due to low " 
m levels of expression. Also see Fig A2-2; 
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Prior studies oertin nt to Aim 2. Studies presented in the 
Pr gress Report demonstrate that the maturation of 
peripheral ganglionic and neuromuscular synapses requires 
CRD-isoforms of the Nrg-1 gene. Preliminary analyses of 
brain regions rich in cholinergic projections also implicate 
CRD-NRG in the maturation of cholinoceptive sites in the 
CNS. Table A2-1 presents some of these initial results and 
highlights data relevant to two predictions that stem from the 
hypothesis that CRD-NRG/erbB interactions regulate nAChR 
expression during synaptic development. First, if CRD-NRG 
is an important regulator of nAChR expression in vivo then 
one predicts that the normal developmental pattern of nAChR 
subunit gene expression should be disrupted in CRD-NRG 
null mice fCRD^'1. Preliminary results support this prediction 
(highlighted blue). Second, one would predict that if CRD- 
NRG mediates the effects of synaptic partners in regulating 
the nAChR subunit profile, then added soluble CRD-NRG 
should mimic the' effects of synaptic interactions in vitro. 
Preliminary assays are also consistent with this prediction 
(highlighted yellow). The data also hint at underlying 
complexity in that in some cases, treatment with soluble 
rCRD-NRG recapitulates neither in vivo development nor in 
vitro synaptic interactions (e.g. red boxes). Nevertheless, as 
the most basic predictions are largely confirmed, CRD-NRG 
appears to be a worthy candidate for further study as a 
regulatory signal in the maturation of CNS cholinoceptive site; 

AIM 2: PROPOSED EXPERIMENTS 

Aim 2 Study 1: Determine if CRD-NRG/erbB- sianalintf regulates nAChR expression in CNS neurons. 

The following experiments assess if changes in nXChR expression induced by neuron-neuron interactions are 
mimicked by treatment of "synaptically naive" neupons with rCRD-NRG or soluble erbB2 or erbB4 neuregulin 
rece ptors. If this first line of studies reveals that activation of CRD-NRG/erbB signaling mimics the effects of neuronal 
interactions, we will test if CRD-NRG is required fdr input or target-contact induced regulation of nAChR expression. 
The latter studies involve treatment of synaptu/ co-cultures with antisense oligonucleotides targeted against the 
CRD-NRG encoding mRNA to test if "function^/ deletion 1 ' of CRD-NRG disrupts neuron-neuron-induced changes in 
nAChR expression 

-» Expt 1: Does treatment of CNS neurons in vitro with CRD-NRG alter nAChR expression? VMN, MHN or IPN 
neurons are removed prior to in vivo synrfptogenesis and maintained in vitro in the absence of synaptic partners. 
Neurons are treated for 1-3 days with tCRD-NRG (from stably transfected HEK or COS cells; see Methods). As 
rCRD-NRG has yet to be purified /not that we haven't tried; see Progress), the semi-purified material is 
standardized as "activity units" basso on levels of CRD-NRG-induced tyrosine phosphorylation relative to known 
quantities of bacteriaily produced, DGRGpi-EGF-peptide, or recombinant EGF (Aim 3 and Methods). Sibling cultures 
are treated with media conditioned by cells transfected with an -antisense CRD-NRG cDNA. Following treatment, 
neurons are collected for qPCK assay of a3.a4. a5, a7, p2 and p4 mRNAs (Aim 1, Methods). Preliminary studies 
comparing the effects of rCRD-NRG on chick MHN neurons with effects of contact with target IPN indicate similar 
(but not identical) changes in the profile of nAChR gene expression (Table & Fig. A2-1). 

Expt 2: Does treatment with soluble erbBs or co-culture with erbB expressing cell lines alter nAChR 
expression in CNS neuifens? We will test if endogenous NRGs expressed by VMN and MHN (but not IPN) neurons, 
mediate back-sigarfing" following interactions with erbB receptors (normally expressed by target 
neurons). 50 65 - 92 - 135 J^ 07 Dispersed cultures of VMN or MHN neurons are treated with recombinant, soluble erbB2 
and erbB4 (expressed as fusion proteins with Ig-Fc domain) for 1-3 days (see 59 ; soluble erbB2 and erbB4 fusion 
proteins). Following treatment with soluble erbBs. the profile and level of nAChR subunit mRNAs expressed by VMN 
and MHN nerfrons is assayed by collection of the cytosoi and qPCR (Methods). 

Preliminary studies rev al that CRD-NRG/erbB interactions induce distinct intracellular signaling events in both 
the erD^expressing cell and the CRD-NRG expressing cell (i.e. NRGs appear to function as both ligand and 
receptor see Aim 3; Fig. . A3-1). Further credence to the concept of CRD-NRG "back signaling 1 ' is provided by 
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v , mHion. in both the PNS and C NS of' the CRD-NRG- mutant m.ce in which all neurons that normally ex 
initial findings in Dotn tne rwo <t\ »j u. *> g enelosea; Fig . 4B . pan« s * and is / 
CRD-NRG are adversely affected (se e disrunt rT mrt" n°" ogi "- i " riuced ft *prassion of nAChRs /n 

^ gv pt v noes functional I rte etion J* 2!?""*?Ju^ gffi ^ T r ^ n n . L^w-nut" stAteoies to 

^^t^Tal^CRD ^R^^xpressed' by^^hick VMN neu'ront's requSd ^or t& input-induced^la.on of 
demonstrate that CRD-nkij, expresseu uy v- techniaue adapted for examination of nAChR 

nAChR expression in sympathetic neurons P rogress). J h *J*™ n £ U *' 5 _ A8 P me r oligonucl^de sequences 
channels in chick neurons under NS29071 nvolves the design o combini ng senstfve bioassays with 
complementary (i.e. antisense) to a J^^ 

careful choice of the targeted sequence (and use of se ^^^n^a see ie.ioi.iis.i»iia2i7-2i9 ) . m particular, we 
dfssect the functional contributions of l ^^'%^^^^^ ] i^^a m VMN Zrons in VMN-SyMp co- 
used this approach to selectively delete the CRD-NRG or 9 N« G g° Tor ^ s T j ^ ne maturat ion of nAChR- 
cu.tures. Consequently, we were able to assess each ^ ffj^K.^ will utilize the same, well- 
mediated responses of innervated sympathetic neurons nn|| . ' ■ .^o test tffe req uirement of CRD-NRG for 
characterized CRD-NRG targeted antisense and control ^Pg^^ *J£^ these experiments "thinned" 
input or target-induced changes in nAChR expression ^ chick CNS ne g ^ £ control/mismatch 

microexolants of VMN or MHN I neurons . an ' ^^^jfflJSu,;*.; oUgonudealldH and 
oligonucleotides (CRD-MM; added directly to modified f^V.^^'^^J^taro^ from the presynaptic explant) 
media are refreshed daily for 2-3 days (suffic.^t^ nAChRexpression are 

after which target neurons are f d^™^ expression of presynaptic nAChRs, 

evident within 48 hours of co-culture. If CRD-NRG is •W™™ L th e «6rmal pattern of target-induced changes in the 

^TsZy 2: * r.»n. NRG ^B ^7 " T " 

MH^eurons^ The following expenments properties of 

naive" VMN or MHN neurons mimics tne effects ^ e ^^^'S^^^ nQ mimics the effects of neuronal 
nAChRs. If these experiments reveal that activa l0 /f. f CR ^ of nAChR-mediated 

interactions on nAChR-mediated I currents, we ^will^st if CRD-NRG .s reaped o g n AChR expression, 
excitability. These studies mirror those described/ Aim i 2 Study i on ^ y R naurons in a 

% Exot 4: r,n r.pn-NRG/erbR interaction/alter ■ th« p mfllo o nAC J R T m ^ FnT^" :^n. ,n 
~,nn.rfe to innnt or tarnet-contact ,n ,n ffn Preparations? The potential ^rotaM oK-ku channel currents 

the regulation of nAChR ch ™ M in Aim 2 Study 1, this initial work 

in neurons treated with soluble ^ RD - NR W*™™* 0 ™™* of innervation and target contact on nicotinic 

tests if CRD-NRG/erbB interactions can/n/m/c the W^Jl™™* id Tnt£al to those described in Aim 2 Study 
resoonses. The ceil culture and treatment protocols for these studies f^^ en °"'^ R l £° N R G or soluble erbB will be 

mduced change/in IPN nAChRs, synaptic c °-f ul interactions, we 

CRD-MM oligonucleotides. Following oligonucleotide tre f™"*^ neurons. Prior 

will assay thfbiophysical and pharmacology synapses evokes a robust 

studies established that appl.cat.on of nicotine to either VMN-SyMp or mhin i t- in y J 
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the establishment of synaptic interactions, a detailed analysis cf presynaptic nA< 



treatment and the estaonsnment ot synaptic inierauuun^. a ucwucu auaiyoio ui H iGo y ..a K i.w i^«iR- 
mediated. nicotine-elicited synaptic facilitation wiii be undertaken. These studies involve focai application of mdotine 
at sites of VMN-SyMp or MHN-IPN contacts and recording of spontaneous (i.e. TTX resistant) and evoked -synaptic 
currents. We predict that if CRD-NRG is required for the target contact-induced increase in presynapti^/nAChRs, 
then treatment of synaptic co-cultures with CRD-AS should decrease nicotine-induced synaptic facilitation 

Preliminary studies utilizing this approach to assess the contnbution of CRD-NRG to nicotine-induced synaptic 
facilitation in VMN-SyMp co-cultures are very encouraging (Fig. . A2-2). Whereas nicotine-induced facilitation is 
robust at ail VMN-SyMp synapses tested unaer control conoitions. CRD-AS treatment obliterates presynaptic 
facilitation. Note that CRD-AS treatment aoes not aopear to disrupt synaptogenesis per se stnc^ both spontaneous 
and evoKea synaptic currents are readilv detected. This experiment also confirms previous stupes implicating CRD- 
NRG in tne reaulated expression of postsynaptic nAChRs because the amplitude of the ufiitary synaptic current 
mode is aecreased in CRD-AS treated cultures tsee Progress & Fig P1-1). A potentiaj/broblem arises with the 
analysis of oresynaptic nAChRs in MHN-IPN co-cuitures because only -50% of the synapses are facilitated by 
nicotine unaer control conditions. Thus tne proDosea in vitro analysis of MHN-IPN synapses will require study of 
many synaDtic pairs. Studies of MHN-IPN synaDses in slice preparations from WT ano CRD-NRG '* mice will extend 
the ceil culture analysis (see Aim 2 Study 5). / 

Aim 2 Study 3: Determine if CRD-NRG/erbB-mediated signaling underlie/ in put or target-contact induced 
changes in nAChW distribution in CNS neurons. Previous studies suggest that the clustering, subtype 
segregation and targeting of nAChRs to somata-dendritic vs. axonal domains are influenced by neuron-n uron 
interactions (see Progress & Aim 1). Thus, acute "patch map' 1 recordi/Tg of nAChRs in the somata-dendritic 
domains c: mature SyMp or MHN neurons (E17: chick: 18 123 ) reveals hi^fh-density clusters typically comprised of 
only one nAChR channel subtype. With maintenance of these neurons vitro, the clusters blur" - i.e. the nAChR 
distribution tends toward the diffuse pattern cnaractenstic of synapticailyriaive neurons. If results from Aim 1 support 
"he idea tnat nAChR distribution is influenced by neuron-neuror/ interactions, we wiil pursue the following 

experiments. / 

Expt 7: Can CRD-NRG/erbB interactions aiter tne targeting of ofAChRs to somata-dencntic vs . axonal domains? 
We wiil assess the potential role of CRD-NRG/eroB interactions in targeting of nAChRs in experiments where 
exogenous rCRD-NRG or erbB are added to isolated VMN. MhN or IPN neurons. Culture conditions and treatment 
paradigms are identical to those described above. Assays of/the clustering, subtype segregation and targeting of 
nAChRs to somata-dendritic vs. axonal domains utilize protocols identical to those described in Aim 1 (i.e. 
distribution of postsynaptic nAChR hotspots by focal MCh application and recording, repeat-patch mapping 
presynaptic nAChRs by measuring synaptic facilitation/and by mapping with Ca imaging, and overall nAChR 
distribution by visualization of epitope taagea nAChRs/ ln Preliminary studies we tested if rCRD-NRG alters the 
number ana/or efficacy of nAChR targeting to presynaptic sites using 2 of the assays listed on both chick and mouse 
neurons in vitro. All studies indicated that rCRD-NBG regulates nAChR targeting. The effect of rCRD-NRG was 
-ested in synaptic co-cultures of MHN + iPN ang/of mouse BLA amygdala + adjacent (lateral) amygdala (BLA 
afferents!. Assay of nicotine-induced ennancemer/or sPSC freouency revealed significant increases in the extent of 
trresynaotic facilitation in both types of synaotic/c-cuitures pretreateo with rCRD-NRG. In addition, examination of 
^oitODe-taccea a4 containing nAChRs .;n MrfHNs oreviousiy subjected to Adenovirus rrediated^ gene transfer), 
Confirms tr'ai CRD-NRG increases the targeting ct nAChRs to axonal ano axon terminal domains ( Fig. A2-3). 

Exot 8: Is CRD-NRG reguired forynaptocenesis-inaucea changes in nAChR distnpution? tf the activation 
:[ CRD-NRG/erbB signaling alters nACJ/R cisirioution, we wiii test if CRD-NRG is required for establishing the 
--nature ca~em of nAChRs at CNS choynoceotive synapses tn vitro. We wiil determine if CRD-NRG is required for 
;ne clustenna. subtype segregation or/argeting ot nAChRs to specific domains. Synaptic co-cuitures of VMN-SyMp 
3nd MHN-IPN neurons wiil be treated with CRD-AS or -MM oligonucleotides for 2-3 days, as described in Aim 2 
Studies 1 & 2. Assays of the effect of functional aeietion of CRD-NRG on the distribution of nAChRs in somata- 
dendritic vs. axonai domains utilise protocols identical to those aesfcnbeo in Aim 1 Study 3. 

Aim 2 Study 4: Determin/ if disruption of the CRD-NRG aene alters nAChR e xpression in mouse CNS. 
Preliminary experiments Table A2-1 compares tne pattern of nAChR subunit expression in the VMN. MHN, IPN 
and amyaaala of embryonft WT ana CRD-NRG" ~ mice. The results of this initial stuay indicate that genetic 
elimination of CRD-NRG/disrupts the normal developmental pattern of nAChR expression, resulting in some 
seemingiv dramatic differences in nAChR-mRNA signal in WT vs. CRD" mice (e.g. Fig. . A2-4). However, despite all 
precautions taken in Xhd in situ hybridizations to avoid artifactuai results, the technique used is neither quantitative 
nor sufficiently sensitn/e to support more than an impression. 

Expt 9: ProDOseflT studies assess the imoact cf CRD-NRG on nAChR exoression in more aetail. We will compare 
;he spatial and tererporal expression pattern of CRD-NRG ana eroB2. 3 and 4 expressing ceils in WT vs. CRD-NRG"* 
-nice at El 4. E18 and P0. These aata cefine tne normai Dattern of CRD-NRG expression and assess whether 
^RD-NRG ceiOTon has an imoact on CRD-NRG exoressinq neurons, ana/or erDB bearing cens. These studies focus 
:n spinai cc/a ana brain regions that inciuae the cnoiinoceotive neurons cnaracterizeo in Aim 1 ana prior Aim 2 
regies, i.^/fne VMN (T1-L2. spinal core). MHN. IPN and amygcaia, ^ 
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Exot 10: Subseauent studies extend initial worK on the effect of targeted disruption of the CRD-NRG gene ip^fhe 
spatial ana developmental pattern of cholinergic and cholinoceptive neurons (using probes to VAT mRNAand the 
full array of nAChR subunit genes) in seiected'brain and spinal cord regions. Possible disruption of CNS cjrolin rgic 
projections in CRD-NRG"" animals wiil be assessed in adjacent sections of E14, E16. E18 and P0 mice assayed with 
the VAT Ab and AChE histochemistry. Better quantification of nAChR suounit expression will be obt^ned by using 
radio-isotoDic in situ hybridization probes and Quantitative image analysis, i he impact of CRD-NFwdeletion on the 
aosoiute levels of nAChR subunit mRNAs win be assessed by qPCR analysis of nAChRs mRNA^in tissue punches 
of selected spinal cord and brain areas from E14. E16. E18and P0 mice 

Aim 2 Study 5: Determine if targeted disruption of the CRD-NRG oene prevents t/fe m aturation of CNS 
choiinoceoiive synapses: assay the functional profile and distribution of CNS nACh Rs ir>^CRl>NRG' J ' mice. Aim 2 
experiments proposed thus far are designed to assess if CRD-NRG/erbB signaling cou^rf regulate the development 
and maturation of pre and postsynaptic components of cholinoceptive synapses. Thia/sun/ey of potential effects of 
CRD-NRG/erbB sianaiing on nAChR expression in vitro is essential to understanding how this NRG isoform might 
participate in the developmental regulation of cholinoceptive synapses in vivo. R/oposed studies of the effects of 
CRD-NRG deletion on cholinergic neurons and projections should provide insiont into how the loss of CRD-NRG 
adversely affects the maintenance of central cholinoceptive synapses, in view/Of previous studies implicating CRD- 
NRG in the maturation of peripheral cholinoceptive synapses, we would predict (and preliminary studies confirm) 
that their initial formation in the CNS should proceed apace, even in animajs deprived of CRD-NRG from the get-go. 
Proof that CRD-NRG is a required regulatory signal for the establishment mature cholinoceptive synapses in the 
CNS. therefore, necessitates assay of nAChR-mediated responses aftpr the initial period of synaptogenesis, in WT 
and CRD-NRG"'" mice. 

■» Expt 11: Maturation of cholinoceptive synapses in iPN of WZ vs. CRD-NRG" mice. The MHN-IPN synapse 
provides the ideal locale for testing if CRD-NRG is necessary for/fhe establishment of mature pre and postsynaptic 
cnoiinoceptive sites. Cholinergic projections to the IPN arrive e^rriy in mouse embryogenesis (see aoove). All of the 
cholinergic afferent nuclei (including a subset of neurons in MHN) express CRD-NRG; ErbB2 and 4 are prominently 
expressed in IPN by E16. In view of these cata ana the /ennatal death of CRD-NRG'" mice, proposed studies 
compare the cholinoceptive physiology of IPN neurons in WT vs. CRD-NRG"'* mice. 

Preliminary studies indicate that slice preparations fcfom E18.5/P0 animals are appropriate for these analyses. 
The actual developmental stage studied ,vnl be /asea on results of detailed Aim 1 studies examining 
synaptoaenesis and development of nAChR expression in the IPN. We will see if "knock-out' of CRD-NRG disrupts 
the maturation of presynaptic cholinoceptive sitors by assaying nicotine-induced, synaptic facilitation in slice 
preparations of IPN. Slices are prepared for opymal preservation of the whorl of cholinergic and non-cholinergic 
afferents surrounding the IPN (as in Aim 1 Spontaneous synaptic currents are recorded in perforated patch 
confiauration to maximize the duration of contiguous recording. Local superfusion with low concentrations of nicotine 
activates presynaptic nAChRs, with minimal gating of the lower affinity, somata-dendritic receptors expressed by IPN 
neurons. Nicotine induced synaptic facilitation v/iii be quantitated as the percentage increase in sPSC frequency 
compared with the ore-nicotine treatmentyevent rreauency (see: Methods). Facilitation of stimulus evoked release is 
measurea oy comparing the amplitude o/evoKea PSC's before and after nicotine treatment (Methods). An additional 
measure or presynaptic nAChRs is atforaec cv comparison of the number of failures in response to an applied 
stimulus of fixea* intensity and duration. The pnarmacologicai profile of oresynaDtic nAChRs. if present, will be 
assessea by quantitation of nicotin^-inducea synaptic facilitation in the presence ana absence of available subtype 
specific antaaonists (Aim 1 Study/3, Methods). 

-» Expt 12: The impact of thartargeted disruption of the CRD-NRG gene on the maturation of CNS cholinoceptive 
sites vvnl be studied by measuring the pharmacological ana biophysical Drofile of somata-denaritic_nAChRs in IPN 
neurons. These experiments^ will examine neurons at more superficial locations within the slice to permit focal 
application of ACh and/or nicotine at the neuronal somata and proximal dendrites. Macroscopic current responses 
//iil be recorded and qua/titated (Aim 1, Expt 3) to assay for local nAChR "hotsoots ". The number of functional 
surface nAChR cnannafe will be calcuiatea from measurements of macroscopic currents elicited by maximal 
concentrations of agonyfet. corrected for celt capacitance. Singie channel recording of somata-denaritic nAChRs, if 
feasible in slices, wii^allow a more in depth anaivsis of the •/ and to properties of the nAChR subtypes expressed. 
Note that ciustenna/of nAChRs and maps oi nAChR distribution can be assessea by low seal resistance "patch 
mappina" (1-5 G Gn even if the high resistance seais required for collection of proper singie channel records can not 
be attained 

AIM 2: SUMMARY. EXPECTED RESULTS AND POTENTIAL PITFALLS 



Summary: Aim 2 studies test the hypothesis that CRD-NRG is a requisite regulatory signal in the establishment! 
of mature Cholinoceptive synapses in avian ana mammalian CNS. Experiments comparing nAChR mediated i 
resoonses^of MHN ana IPN neurons in normal mice and in mice genetically engineered to lack CRD-NRG isoforms.i 
sonstitu^s the most strident test of the hypotnesis. 

Expected Results and pot ntiai pitfalls: Prior studies aocument the essential rote of CRD-NRG/erbB signaling i 
toe maturation of peripheral ganglionic ana neuromuscular synapses, in view of these findings and other ; 
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effects of neuron-neuron interactions?" to die. more . ntere ^^^^SSgSSi^resu'ts for Studies/ft will be 
NRG signaling is required in the developing CMS. We expect pre, '™ n mj ^ jcs (a subset of v% e regulatory 
confirmed, and that these studies will demon stn ate that jejubte .*^™^Sf? G is re quiXor expression 
effects of neuron-neuron interactions. Further we ex J^ct they w.il sh ow f analyse J£ the CRD-NRG- 

and/or oresynaptic targeting or nAChRs to < a, n ^tV"N)te^ encouraging, detailed Zudies of peripheral 

C s ~oS - detai ' ed anat0miCa ' 

ana Sysioiog.cal studies proposed will unve.l this novel and .mportant role. / 



AIM 3: WH AT SIGNALING CASCADES DOES CRD-NRG/erbB ACTIVATE? 

Derail Rationale for Aim 3 Studies: cinria iinn trades und^flvinq the regulatory activity of neuronal 
Aim 3 initiates a mechan.st.c analysis of the signaling ^cascades ."OT y ^ 1 J t J s are one 

CRD-NRG/erbB interactions. The specrfto effect > °J CRD-NRGs ^^^j^Vimp^ted in various aspects of 
major theme of the studies in Aims 1 & 2. On a broad er level n k X 'ii fse^i.otiio.iw.awis. Aim 3 studies are 
neural development and synaptogenes.s m both the PNS n^tNb neurons. First, we have 

fundamental to understanding how th.s new fam,, y ° f regulate the 

strong preliminary data (to be confirmed and ex ten dec ' '"Aira^ ^ st^ng pathwavs downstream of erbBs in 
expression of nAChR subunit genes. Th.s is likely to inv0 '^n ^''"g, e P |^ on that specifically encodes thel 
target cells that involve protein kinase ™ s ™« es - s ^°" 6 ^S£iC 2ms are required for sustaining synapses 
CRD domain of the mouse Nrg-1 gene indicate hat ^^ G . '^"'.J f'f ^pheny of mutants, the neurons 
between CRD-NRG expressing neurons and muscle W eu ^l targete n the P^P^ 0 ^" enclosed), 
that would normally express CRD-NRG, but not the JJ^J^^ ^ a r e a dverse!y affected. but the details of 
Centrally, it is clear that the neurons that would normally ex P r ^s CRD-NR G are adve a ™ c . djffi |t t0 

reverse or retrograde signaling via the m emb/ane-tethered CRD-NRG. 

overall Approach to Aim 3 Studies: / interact with and activate, and which of the 

Aim 3 Part 1 studies will identify Which erbBs CRD-NRG can in ^ l .^ n CRD . NRG initial characterization 
downstream signaling cascades know/o * %sms wS be extended to analyze 

involved m retrograde signaling input neurons, following e *J b ' ls ^ fas Kion: \\! if co- 
CRD-NRG-CYT has the ability to transactivate target genes. 



AIM3 PROPOSED EXPERIMENTS Mf}r via erbB receptors^ NRG-1 signaling to 

^ S5L?-i & seouU^on; f * 

Kinases that translate to the nucleus and ^ Sfa^if^S?^ cTd-NRG increases mRNA 

both Ets and jfF/CREB family , memb & Litt | e is kn0 wn about the factors that regulate 

levels for nACbiRs. including ao. a5, a7, p2 and 154 ( & see Aim 4i u, « * . particular 12.20.35.43.63j2.i6B | n 

transcnptionyof these genes in general, or that mediate n he a C ^ p £ R ^ Ets family 

muscle nooT-CRD-NRGs nduce expression of nAChRs in a MAPK dependent mannei i _ nri/or Rs-like 

throyfan which CRD-NRGs signal to neuronal nuclei. 



,th nf CRD-NRG sickling throuan erhB receptors. We will confirm 



/-»Exot 1* notormmp the aTTinitv ana sirengm ut ^^u-in^vj 7 ~ - pn fjrrr . n rrntor f Fia P1- 

a/txtend orehminary studies demonstrate that the eroB2:4 dimer is ^^^^^^^^^^ 
f B) ThRsa studies utilize 32D hematopoietic cells expressing each of the Known erpos. bmij y ; 
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^omtnnettons'T^ 1 ^ see ietterfrom Dr. Wang, appended). ErbB expressing 32D ceils wiil be usea to determine the 
-elative affinity and potency of signaling of CRD-NRG for each receptor type (EC eo s/ maximum mitogenic response). 

-*Expt 2: Demonstrate that CRD-NRG activates one or more MAPKs. and validate immunohistooiemical 
methods for assaying MAPK activation in single ceils. Demonstrating that CRD-NRG/erbB2:B4 interactions activate 
specific signaling kinases in target neurons requires that we be able to monitor these effects in small clumbers, and 
n some cases, individual ceils. This can be accomplished immunohistochemicatly using antibodiestnat specifically 
recognize protein kinases in their active state. 52 110 141 The putative transcriptional regulators of nAJZnRs include Ets 
ana ATF/CREB famiiy members. All three classes of vertebrate MAPK: the ERKs. JNKs Ano p38 kinases, 
cnospnoryiate one or more of these putative targets. 77 78 S5 - 86 - 133 134 144 186 . Therefore, we wtff assay CRD-NRG 
activation of ERK. JNK and p38 MAPKs. We have used phospho-MAPK antibodies to steady EGF signaling in 
populations of ceils, comparing MAPK activity measurements (i.e. jamoles PO^ transferrec^min/mg), with phospho- 
MAPK levels measured by immunoblotting.^ 185 To verify the immunological methods in sdngie ceils, we will use a 
cell line (T-47D 1 } in which all known erbBs are expressed and functional 10 55 113 T-47D cefls treated with rCRD-NRG 
wiil be assayed for activation of erbB2 and erbB4 by measuring receptor phosphp^yrosme content 215 , and for 
activation of each of the three MAPKs. MAPK activation wiil be assessed by comparing results of direct kinase 
Tieasurements 24 - 182 - 183 - 185 ) with immunoolots of whole cell extracts probed with antKphospho-MAPK antibodies (a- 
c-MAPK) 110 ' 140 - 141 . and with whole cell ana nuclear immunohistochemical staining wj<n ap-MAPK Abs. We expect that 
CRD-NRG wiil activate ERKs, JNKs and possibly p38 kinases. 3 - 24 - 55 - 113 ' 134 ^^ We anticipate that the a- 

pMAPK Abs are all they are marketed to be. and therefore we wiil show/that CRD-NRG induces the rapid 
aDpearance of a-pMAPK staining, initially in the cytoplasm (within 1 - 5 min) flowed by nuclear translocation (5 - 30 
-nin) in virtually every treated cell. / 

-^Expt 3: Demonstrate CRD-NRG activation of neuronal MAPKs. Vve wiil extend the above analyses with 
..piVlAPK Abs to synapticaiiy naive IPN ana SyMp neurons (Aims 1 & 2/). Triplicate cultures (35 mm dishes) will be 
treated with semi-purified rCRD-NRG. control conditioned media, or nWRG(31-EGF-peptide.- 40 183 198 After -30 min, 
kinase activation by each treatment wiil be analyzed by immunoblottfng whole ceil extracts. After 30 - 60 min (as, 
even in vitro, neuronal nuclei can 100u from receptors!), a/set of dishes will be fixed and used for 
immunohistochemical staining. The third set wiil be cultured for 72/rirs, after which nAChR mRNAs wiil be measured 
by qPCR (Aim 1 & Methods). If, as we anticipate, CRD-NRG activates both neuronal MAPKs and nAChRs, we will 
use specific, cell permeable MAPK pathway inhibitors (e.g. PD&8059 or SB203580: Calbiochem Inc.) 195 to determine 
if CRD-NRG activated MAPKs are necessary for CRD-NRG induced nAChR expression. 

-^Expt 4: Determine: (a) if input derived signals activator the same MAPKs as rCRD-NRG: and (b) if activation 
results from input derived CRD-NRG. innervation of SvMpyor IPN by CRD-NRG expressing VMN or MHN neurons 
respectively, induces nAChR expression r :215 : Table P1-/; Fig. A1-3). Aim 2, Expt 5&6 are designed to determine 
if CRD-NRG is a (the) input derived signal that induces rtAChR subunit expression, in this experiment we will use a 
similar approach to determine if input from VMN or MhW, activates the same panopiy of signaling pathways as semi- 
cunfied CRD-NRG in SyMp or IPN. Synapticaiiy naive SyMp ana IPN neurons wiil be cultured in the presence or 
^osence of snout. Innervated and non-mnervatea c^iis (monitored electrophysiological^) wiil be fixed and stained 
.-.;tn a-oivlAPK. Additional SyMp ana/or :PN neurcWs will be used for singie ceis aPCR measures of nAChR mRNAs. 
- tnis experiment. SyMp or IPN from \'.T mice i/iil be: !/ cuiturea alone mo input); ii/ cc-cuiturec with WT VMN or 
7.HN (normal input expressing CRD-NRG*. 05/111/* co-cuiturea with VMN or MHN from CRD-NRG*' mice (normal 
idui, out no CRD-NRG). We anticipate tnat innervation by WT MHN wiil induce nAChR expression and activate one 
:r more. MAPKs (although probably no; as yooustiy as acute stimulation with CRD-NRG). If this occurs, we will test 
:~e causal relationship between MAPK activation and nAChR induction, by including the ceil permeable MAPK 
catnway specific inhibitors in the co-ci/uures. These inhibitors should prevent input from activating MAPK and 
saucing nAChR mRNA, -^A long-ramre goal of these studies will be to extena the analysis of CRD-NRG signaling 
.;a MAPKs in vivo. We hope that bwusing the a-pMAPK antibodies, in conjunction with other techniques such as in 
situ hybridization for NRGs, erbBs/ana nAChRs. we wiil be aoie to compare normal synaptogenesis and aborted 
=ynaptogenesis in the CNS of VVT. CRD-NRG*'* and CRD-NRG"'" mice (a continuation of studies in Table A2- 

-j\ 141.170.209 / 

Aim 3 Part 2: Determine if/the cytoplasmic domain(s) of membrane tethered CRD-NRG mediates retrograde 
signaling following inte/action with eroBs. Relevant preliminary results . CRD-NRGs are synthesized as 
;ransmemorane proteins/with one of 3 cytoplasmic domains (referred to as CYT-a. b or c). The high degree of 
seauence conservation of these remains between species argues that CYT has an important 
Unction. i *- 1 - 2 -' C3 - 106 -]9* 197 Four lines of eviaence suoport the prediction that NRG-CYT functions as a retrograde 
Signal. (1) tn CRD/NRG - '" mice, ooth peripheral and central neurons that normally express CRD-NRG. but not their 
~roB expressing>rargets, are adversely affectea (- :9 . suomitted manuscript enciosea). (2) When HEK293T cells were 
::ansientiy transected with either a NRG-CYTc-green fluorescent protein (GFP) chimera, or a similar chimera 

acKing tne ewacelluiar domains of NRG (TM-cyt-GFPV green fluorescence appeared at the plasma membrane and 
:;ffuseiy in ine cytoplasm. The fluorescent signal translocated to the nucleus following either activation of PKC (with 

:~orooi egren or co-culture with ero6 expressing ceils i Fig. A3-1). (3) In aispersea SyMo cultures, a NRG-CYT 
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domain soecific antibody (C-20: Santa Cruz) stainea a subset of SyMps nuclei. (4) Using a yeast, two-hybnd scpeen. 
we identified a protein that specifically interacts with the NRG-CYT domain. This protein. CNIP Wasmic 
neureauiin interacting firotein), is novel (and therefore distinct from LIMK 1 which also interacts wtfh the N^G-CYT. 

contains four putative zinc fingers, and is co-expressed with CRD-NRG in the developing CNS^ecause of 
these observations, we hypothesize that memorane tethered CRD-NRG functions , not only as a l.gandfor erbBs on 
target ceils but also as a receptor for eroBs . When oound by eroB "ligands . CRD-NRG undergoes/fproteolysis and 
thP CYT domain elicits retrograde signaling responses, following nuclear translocation. We will^tend preliminary 

studies to test this hypothesis. S „i„„, 

^ ExDt 5: Determine if interaction Between membra n e tethered CRD-NRGs and erpfls stimulates nuclear 
rranci nrarinn of NRG-CYT. CRD-NRG-CYTa-GFP chimeras will be transiently expressed*/- CNIP. in HEK cells 
Transtectea cells will be cultured alone (negative control), co-cuitured with erbB exp/essmg cells (T-47D celte), 
treated with soluble erbB4 (CRD-NRG binding.) or erbB2 (non-CRD-NRG binding^receptors»^». or with i PKC 
activators (Dositive control). Live cells wiil be mon.tored for nuclear GFP. If a significant percent of CRD-NRG-CYTa- 
GFP enters the nucleus following stimulation, ceil extracts and conditioned roeclia will be immunoblotted with 
antibodies soecific for extracellular or intracellular NRG epitopes. Release of soluble CRD-NRG will be assayed in 
-eceotor tvrosine phosphorylation assays- 5 . This experiment will demonstrated the translocation of NRG-CYT to the 
nucleus is accompanied by proteolytic processina and release of soluble (2RD-NRG. and if co-expression of CNIP 
influences cieavage and/or nuclear translocation. Based on preliminary results (see also ,97 ) we predict that receptor 
interaction (erbB4 soluble and surface associated) and PKC activation will stimulate CRD-NRG proteolysis and 
nuclear translocation of the CYT domain. / . 

b-»Expt 6: Determine if erbB4 interaction stimulates processing and nuc l ear translocation ot neuronany 



, ynr9 „p ri r.RD-NRG-CYT CRD-NRG exDressina neurons (VMhf. MHN) wiil be (a) cultured alone, (b) treated with 
s'o uble eroB4 erbB2 or PKC activators, or (o co-cuitured wurf T-47D ceils. At time points spanning the optimal 
rimes for stimulated translocation (Expt 5). cultures will be i\x/d and NRG-CYT localized by indirect IF. using i the C- 
20 Ab We expect that these results wiil mirror tr.cse of ExoT5. demonstrating that interaction of tethered CRD-NROa 
•vith erDB4 (soluble and membrane bouna) wni result u/cleavage and retrograde transport of NR&m to the 
nucleus. If this happens, we will extend these studie/ to co-cultures of IPN (erb B4+) and MHN (CRD-NKG+) 

neurons. ^ Determ i ne jf NRG-CYT can transaotlvate a reporter gene. If. as we predict based on preliminary 
findinqs (Fig A3-1) NRG-CYT inducibly emers/fhe nucleus, we will determine if, once there, it is can affect 
transcription of a tarqet gene. 176 Plasmids expressing either a fusion protein containing CRD-NRG-CYT and the Gal4 
DNA binding domain (Gal4- CSD ), or CRD-NRG^CYT-Gal4- DBD ,VP16, D (the potent Herpesvirus VP16 translation 
domain) wiil be co-transfected with a Gal4>CAT reporter construct. +/- a CNIP expression vector, into HEK293T 
-ells Cells wiil be stimulated with erbB4 (soluble or by co-cuiture with T-47D cells) or PKC activators for 24^8 hrs 
after' which CAT activity will be measusea in ceil lysates. Neither Gal4 C30 , nor VP16 AD can efficiently enter the 
nucleus Therefore, if the fusion prote/isi stimulate CAT expression, it indicates that the CRD-NRG-CYT has a 
-ominant acting nuclear localization/eouence tnat can ■earned' the Gal4--= D into the nucleus. In addition, if the 

jsion lacuna the VP16 40 is able tq/ransaciivate me reporter construct. NRG-CYT can function as a transcriptional 
-.ransactivatio'n domain. Transactiy&tion cr the Gal4-CAT reporter oy NRG-CYT-Gal4-.= : .vouid open the door for 

aentifvina target genes activated/by retroaraae NRG sionaiing in the CNS. 



AIM 3: Expected Results & Potential Pitfalls. 

The studies proposed in &xpts. 1- 3 have a very high probability of success. All assays nave oeen established in 
•he 32D ano T-47D cell systems except immunonistochemicai staining (although we have extensive general 
experience with immunohitfochemicai tecnmauesi. in preliminary trials, we have demonstrated that single 35 mm 
dishes of primary culture/fneurons yield sufficient protein for readv detection of total MAPKs by immunoblotting. 
Since NRG typically activates 50 - '.C0% of the total MAPK «.ve do not anticipate technical trouble with these 
experiments The details, strengths ana drawoacks of neuronal culturmg. qPCR ana electrophysiological 
measurements of sy/fepse formation are discussea in Aims 1 & 2. A potential complication to Expts. 4 will arise if 
oiectropnvsiologica/measurements perturb basai activity of the various MAPKs. i his wiil be determined in pilot 
experiments If th>6 occurs, we will determine the time necessarv for MAPK activity to return to basal levels, prior to 
harvesting the tsfeated cells for comparative assays. A second possible complication is that treating neurons with 
MAPK inhibitors alters their membrane potential. This too. is easy to determine in pilot experiments. If this is the 
case inhibitor experiments in the co-cultures wiil be dropped. Part 2: We do not anticipate technical difficulty 
performing vnese experiments. We have ootainea land present) preliminary data for each of the experiments with the 
exception/f treatment of cells with soiuole receptors. The expression and purification system tor the soluble erbB2 
^nd eroB4is currentlv being optimized ana should be in place weii in advance of the initiation of these expenments. 
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EXPERIMENTAL METHODS X 
Primary Neuronal cell culture, synaptic co-cultures and cell tines / 

MHN-IPN co-cultures: Embryonic chick MHN-IPN co-cultures will be prepared. 115116 MHN/min sliced into 
expiants from E10 chick or E 16 mouse will be plated on iaminin-treated DOlyornithine-coated di^Kes. Maintenance 
overnight in minimal volume of media casues these microexpiants to settle and flatten resulting jn 1-3 cell thick , well 
adhered and physiology-friendly sections The next day dispersed lPN neurons from same sta^e embryos are added 
•'or co-cultures. Mouse MHN-IPN co-cuitures are prepared and plated in similar condition^/althougn a more acidic 
C02 atmosphere than used with chick cultures appears to optimal. / 

VMN-SyN co-culture: E9 chick sympathetic neuronal cultures will be prepared. 157 JAimbar sympathetic ganglion 
cnains will be dissected, neurons dispersea after brief trypsin treatment (0.01 ag/mr 15 min.) and then plated on 
PORN-coated culture dishes. Dorsal spinal cord from the mid-thoracic to the Jdpper lumbar region (containing 
VMNs 143 ), will be removed from E8 embryos, thin-sliced into microexpiants, ajra added to SyNs that have been 
cultured for 2 days. After 14-18 hr, or overnight incubation for micro thinned ©xpiants additional medium is added. 
Cultures will be maintained for 2-3 days before being used for electrophysiological recordings. 

Septal cholinergic -amygdala co-cultures: Embryonic mouse -amyg/zfala cultures and co-cuitures with septal 
cholinergic expiants will be prepared using septal area explants from El^mouse embryos. MicroexDlants are plated 
on Iaminin-treated. poiyomithine-coated culture dishes. After 2 days/ the BLA and NLOT region of amygdala 
cissected from ET6 to PO mouse embryos will be dispersed using jrapain-based protocol similar to 18 and plated 
either alone or with septal microexpiants at a density of 5x10 4 cells/clfeh. 

Stable cells lines: Established cell lines, including MCF-7 ; JA^D breast cancer cells. COS-7, HEK293T ceils, 
and HEK293T derivatives stably expressing CRD-NRG (and anti-sense controls), will be maintained in DMEM + 
10% FBS at 37° C. 2 ' 5 Cells wiil be passed as necessary by trv|zfsinization and replating. 32D cells, both parental and 
erbB expressing clones, will be cultured in DMEM supplemented with 10% FBS, IL-3 (present in conditioned media 
from WeHi ceils) and NRGp1-EGF peptide 140 198 / 
Anatomical Methods . / 

In situ hybridization: the distribution of mRNAs ir/brain sections wiil be assayed by in situ hybridization (ISH). 
Embryos wiil be perfused with 4% paraformaidehydeypost-fixed overnight at 4°C, cryopreserved in 30% sucrose and 
embedded in OCT. ISH 196 to target mRNAs wii/utilize riboprobes either synthesized using digoxin-conjugated 
NTPs, or for quantitative analysis, 35 S-aNTPs. Following hybridization and washing, digoxin labeled probe will be 
detected irnmunochemically using HRP-coniugeted. anti-digoxin Abs. Radiolabeled probes will be detected by 
dipping slides in photographic emulsion (NBTVKodak). After development, silver grains will be quantified using the 
Biologies image caDture and analysis system/ 

Histochemicai and Immunohistochemicai Analysis: The distribution of proteins in cultured neurons and brain 
sections wnl be assayed using immunofluorescence, immunoperoxidase. and AChE histochemistry. 207-209.21 5.21 e 
Zultures and tissue sections wiil be fixeor in 4*-:: Daratormaidehyae/4% sucrose in PBS. ana Dermeabiiized with 0.25% 
"riton X-100 in PBS. Samples wiil be irmjbatea with blocking serum, and then with optimal dilutions of onmary antibody 
2 hr-o/n). After PBS washes, sections wili be incubated in the appropriate fluorescent or peroxtdase-conjugated 
seconaary antibody for 1 hour at 379C. Staining ( VECTOR VIP kit) and mounting (VectaShieid. Vector Labs) will follow 
oeroxtoase antibody incubations. yAChE staining will be performed as described, 180 The following antibodies wiil be 
jsea: goat anti-VAChT antibody (Chemicom. rabbit anti-FLAG antibody (Santa Cruz), monoclonal anti-MAP2 
antibody (Chemicon). anti-phg^pho-MAPKs ana anti-MAPKs (New England Biolabs), anti-NRG C-20 (Santa Cruz). 
Physiological Methods : / 

Macroscopic and single channel recording: Tight-seai. whole-cell recording and single-channel recording will 
employ the patch clamp/technique. 7 ~- Ampnotericin-permeabilized patches wili be used in recording from IPN. 199 
ACh will be appiied bv/focal pressure application within 10 uM of the soma. Whole-cell recording of spontaneous 
EPSCs in innervated Neurons will be carried cut in the presence of 2uM TTX to block action potential propagation. 
Sampling and analysis of individual sEPSCs wiil be earned out using analysis software written in Axobasic (as 
-nodified by R. Ginzfa). Single channel recoraings will employ the cell-attached configuration with pipettes containing 
2.5 uM ACh. / 

Electrophwiological Analysis in Intact brain slice preparations: Mouse brains wiil be dissected into cold 
artificial cereiro-SDinai fluid (mACSF 1 ) continuously bubbled with 5% C0 2 /95% Cu. Brains will be sliced (400 um 
sections) \yfh a Vibrotome 1000. For amygdala slices, brains wiil be mounted ccronally. Amygdala will be identified 
jtiiizing ttre appearance of hippocampal formation and the prominent fiber tracts from the internal capsule. For IPN 
slices, creocorticai structures will be removea and the brain mounted coronally at -30° angle toward the transverse 
:;aney£o mat the axonai connections oetween MHN ana the IPN are preserved. IPN will be identified as the nucleus 
oopysinq the aaueauct. above the pons, surrounded by the Deauncies in the tegmental area. Brain slices will be 
Hiiafwea to recover for 30 min (RT^ in mASCF. continuously bubbled with 5% COJ95% O,. Slices wiil be placed in 



'HS 3S8 (Rev. 4/98) 



Page 



- 1 



T ju i num oflQGo Qonooout i voly ottho bottom t hro u qn uul th e amplicat ion , Oo not u se suffixos sum as fa , lb — / 



fl}±t. nuudf e V no l o. L.V . ' NG2QO 



_ j t ie ntorPiodrom D ti 

thP OlvmDus BX50WI infrared DIC microscope recording chamber. The chamber will be continuously superfdSed 
with m ACS F bSed with 5% CO,/95% O,. Patch pipettes will be guided to individual neurons by>?rared 
^sualTzatTon under higher power (40x). 4-8 M« patch pipettes will be f|"ed wift Jntecelluter solution coning: 130 
mM^K -gluconate/5 mM NaCI/1 mM MgCI 2 /.2 mM EGTA/10 mM Hepes/5 mM ATP/.3 mM GTP / 

Calcium imaging of neuronal cultures and synaptic co-cultures: Fura-2 imaging or 'nte ^alcmm ([Ca j) 
utu STzeiss IM 135-TV microscope equippea with a thermoeiectric cooied-CCD camera iM^roMax l30-5Mhz- 
^OOYhI PrSceto M n 'nst^S^r within intensmed CCD camera (Hamamatsu) and ^^eoprobe -maging 
Astern i ETM Svstems). Cells will be treated with fura 2-AM (10 uM) for 0.5-1 hr ana washerfWe imag.ng^RaUos 
o rfluSelcent%hTStensity will be calculated ana converted to [Ca 2 '].. To map nAChR^stnbution in nerve fibers 
wiih SSS electropnvsioloaical and fluorescence recording will be/erformea. Cells loaded with 

u a 2 AM wi il^e mounted on^he recording siaae ana an innervated IPN ceil will be accessed for recording In these 
ex^erimena the whole eel? configuration father man perforated patch will be used^nd Mn- (0.5 to 5 mM) will be 
added to auench fluorescence T'rom the soma 

^^cT^R^^C ^^^ ^om smgle neurons will be removed by applying negative pressure to a 
natch electrode after establishment of the whole-ceil configuration. RNA wii^te reverse transcribed directly in 30 ul 
o?300 U RT 40 U RNasin. 20uM random hexamers. 0.5uM of each drWor 1 hr at 37°C. First strand cDNA wdlbe 
amplified in 50 ul reactions (0.5 U Taq DNA Polymerase. 1mM primer/ 200 uM dNTPs. including [a- 32 P] dATP. 

S i c bv 35 cycles of PCR. Ten u, w.ll be amplified for 35^dditional cycles in fresh reactions. Cycling 
condition? 94°C 30 sec • 45°C. 30 sec: 72°C. 45 sec. Products wi>u£ separated by electrophoresis and eth.d.um 
ctainph (IMA hands will be cut out and radioactivity quantified by scintillation counting. 
^^Rp^sC^s The primer sequences used for amdfccation of chic. ; nAChR subunit 
(Ascension number, nucleotides of sense (S) ana antisense (A95 primers,: actm L081o5). S[860 - 877 AS 119 
1135V a2- Sf1110 - 11271/ASM436 - 1453]"-; a3: S[897 - 9140AS 1373 - 1390] 123 ; a4: S[1165 - 1 182]/AS[1801 

818 a5(J05642V S[480 - 500]/AS[1063 - 1083]: a7(X5ji<295): S[974 - 991]/AS[1461 - 1478]; a8: S 931 - 
955VASn357 1380] P 2:S[785 - 3021/ASM272 - 1 288]/ J34(J05643): S[745 - 754l/ASf1237 - 1256]^ Mouse 
nAChR mRNAs wiU be amplified with sequences given>h Drescner et al. (1995)". In situ probes: CRD-NRG 
(AF0456?i ^ 607-T206) PA|ES1rG-1 (AF045654. 867-1^7). erbB3 (U29339. 3321-4113). eroB4 (L07868. 3088- 

^Scl^ Mo/e and chicK «3. a4. a5. a7. and P 2 nAChR subunitsN- 

terminallv taq?ed with FLAG. HA. or Myc epitopes./ill be "packaged" into recombinant adenovirus, which i are ^able 
o inieci postmitotic ceils. - nAChR cDNAs w„. b^ubcloned into pAdLox. a ^genomic 

the essential E1 gene. Co-transfection with a /plication deficient adenovirus, yo. into CRE8 cells '°"°%T r ?X 
homologous recombination between viral sec/ences. results in production of virions containing pAdLox/nAChR 

^"characterization of CRD-NRG Signati/g. CRD-NRG production: rCRD-NRG will be sem.-ourified from media 
^m^o^E^^"^ exSreZfa H,s5-tagged. chick CRD-NRGB1a. r - Media, concmoned for 48 h will 
oe cc ^^raiaSiprep cc.umns jfen,. ana usea directly or further ounfied bv ^f^^^ 
Proaressi Control media ccnaitione/bv HEK293 ceils stably transTectea w.tn a oiasmia encccing an anti-sense 
-RD-NRG will be processed in parallel Recombinant NRGD1 EGF-pepude wiil be ounfied following expression as a 
GST fusion 0 otein i n E coli (provided by Dr. Wang. NCI)."° Quantities of CRD-NRG in aifferent reparations w.N be 
normaSa by ^compahn^inaucXot phcspnotvrcsine levels in MCF-7 cells re.ative to those .nauced by known 

quantities of the NRGP1-EGF peptide.'' 5 . r P <=. landed in 

CRD-NRG/erbB interactions: Proliferation assays. 32D cells win be wasnea .n PBS ana resuspended : .n 
-omoiete media serum/IL-3Aee media, cr serum/IL-3 media supplemented with either roRD-NRG or NRGpi-tQ=l- 
oSe ^ ^ w/fl be added from 4a _ a 8 hr later. Incorporation will be measured us.ng an automated ceH 

Sester -0 ■ '» TutoprZphorylation assays. T-47D cells will be serum- starvea for 24 hr ana then treated w.th 
rCRD-NRG. NRGpi-E/SF-peptide or EGF (1-30 mim. Protein lysates w.il be prepared ml RIPA V SIS - ^' ne 
nhosohorvlated orotafns will be immunopreciDitated with anti-phospnotyrosine antibody imAb 4G1U Ubi inc^ 
^un^^ii^ be separated by SDS-PAGE and blotted to nitrocellulose membranes m tors will be probed 
with ^nprifir antibodies aqainst ErbB1-4. ana immunecomplexes visualized by tCL. -= MAPK Kinas assays. 
\^^i^^^A«xm. T-47D ceils or primary neuronal cultures will be serum starved overnight then 
seated ?w,t/rCRD-NRG. NRGP1-EGF peptide or EGF for 0-240 mm. Lysates w.il be prepared _and MAPKs 
immunoDreciZtated from 200 ua extract Drotein. immunecomplexes will be incubated with ~ ;'- Alt ^ an° f W 
7uZ™£i$Z basic protein for ERKs. GST-Jun for JNK ana GST-ATF2 for p38) **%C< 0 :™™£^^ 
v.il be stooped by addition of SDS-PAGE sample buffer, boiled and prooucts resoivea by SDS-rAGE. I^orporation 
will be Xntmedefther by scintillation counting of excised bands containing the suostrates. or oy P" 08 ^^^ 
immu/oblottina with a-pMAPK Abs. NRG activation of MAPKs wiii be assayea by prooing immunoblots ot eel 
SSSfiii recognize the activated forms of MAPK. Primary amibooy incubation; ; wu. be overnight 
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. : — . . L'li, 1 Ifi "' rornrriino the imaae on x-ray film, blots will be stnpMtf and 

i^X^ZS^-^^^ sSStaiization o, active M^SC*- by 

mmunonistocnemistry.'^™ H c K2 93 cells will be transfected with plasmids encodiryCRD-NRG-Cyt-GFP 

Nuclear targeting of NRG-Cyt. H_K^9J censwi i °^ "<* * trans f eC iions. cells wiil be treated with 

:r,imera a CNIP expression plasmio, using ^ |«^?i7D Ss. SuSs will be adored by fluorescence 
cnorboi esters, soluble erbB2 or erbB4 o. co cuiiurea - vim • _ nntajnina chimeric Aotein. in transient gene 

-icroscoov for changes in the sub-cenu!ar a.stnoution or the GFf = containing cn ™^ , d and expression 
aSS>n studies. HEK293 cells wi" be co-transtectedwim *^^-C*T ^ CRD-NRG-Cyt- 

oasmids encoaing CRD-NR<«yt-Gal4 7!0 4 DNA Ce|ls 
Ga i4 MB . VP1 6 40 (Gal4 DNA binding aomam ana J he b e m ^sured lourAof erbS2- and erbS4-/g fus/on 

■ Vi " be ""Sub^TbB ? q 1uS n ^ ^ "X of transfected HEK293 ce.is by 

-he fus.o'n orotems contain the ^domain-) 

E. HUMAN SUBJECTS. 



NONE 



F VERTEBRATE ANIMALS. 



, Mies, from either ,29,Sv or C57BI.6 ,noreo strains wiU /usee U, ' «^Sf"^tS 

mice/cage (or single nursing litters). 

2. Mice have been chosen tor these e*oer im en,s/ecause /^^^^."SSS^ SScSI 

studies. Studies on these animals wiil comoieme/ stud.es done in ch.ck embryos. 

3. All an,ma. handling and ultimate eutnar^a wiil * 
Psvcniatric Institute Annex. All procedure/ , „ I ^"J™ a ^ ^fi haSa Srea bv the staff of the 

^-^^t^^ ^mT^cX'^ rcecTres w„, be cone unoer the guidance 

;* an attenaing Veterinarian. 



oe cone on ..ve animais will be oreea.ng ^atural-wjih «^?~J« 
-::o D .na o; the ends of the tails in order to isolate DNA for PCRJjased 



The oniv manipulations tnat v 

;ieTo'o"irS#r Su"e ^ SS??SS^S?t^£5». or carPon o,o*,de. 

* «, the end of the prices, an.mais v.u, be eutnamseo By an overdose of caroon dioxide. This method 
, ilo - ws g^etines elSfshejby the American veterinary Med.ca, Association Pane, on euthanasia. 
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Neuregulins constitute a large family of structurally related glycoproteins 
produced by alternative splicing of the neuregulin-1 gene. 12 Neuregulin signaling, 
mediated by activation of the erbB family of receptor tyrosine kinases, has been 
implicated in the inductive interactions between pre- and post-synaptic partners 
at developing nerve-muscle and nerve-nerve synapses. 1,3 * 5 Gene targeting to 
selectively disrupt cysteine rich domain (CRD) containing NRG-1 isoforms in mice 
reveals that CRD-NRG-1 is required for synaptogenesis in the peripheral nervous 
system. In CRD-NRG-1 w mice, peripheral projections defasciculate and display 
aberrant branching patterns upon arrival within their targets. The profuse sprouts 
of motor projections are transiently associated with broad bands of postsynaptic 
ACh receptor clusters. Schwann cell precursors, that initially accompany 
peripheral projections, are absent from axonal terminations within muscle. 
Following an aborted attempt at synapse formation, sensory and motor nerves 
withdraw and eventually degenerate. Our data demonstrate the essential roie of 
CRD-NRG-1 mediated signaling for coordinating nerve, target, and Schwann cell 
interactions in the formation and maintenance of peripheral synapses. 
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Alt rnative splicing generates at least fifteen different neuregulin-1 (NRG-1) 
cDNAs. 1 6 All identified NRG-1 isoforms can be broadly classified into three mutually 
exclusive categories: Type I and II isoforms that contain an Ig-like domain (Ig-NRGs) 
and Type III isoforms that contain a cysteine-rich domain (CRD-NRGs) N-terminal to a 
common EGF-like sequence (Fig. 1A). 3<M1 Although different NRG-1 isoforms show 
distinct patterns of spatial and temporal expression during embryogenesis (data not 
shown), it is not clear to what extent these isoforms mediate distinct biological 
responses. 3,11 Mice homozygous for disruptions of all NRG-1 isoforms, all lg-NRG-1 
isoforms, or ail isoforms containing a cytoplasmic tail die at E10.5 from heart defects, 
prior to significant expression of CRD-NRG-1 isoforms. 12 * 15 As such, these mice provide 
no direct evidence as to the possible functions of CRD-NRG-1 isoforms in neural 
development or synaptogenesis. 

CRD-NRG-1 isoforms are the predominant NRG-1 transcripts in the murine 
nervous system after E10.5. In particular, the temporal pattern of CRD-NRG-1 
expression in hindbrain and spinai cord visceral and somatic motor neurons, as well as 
in cranial and trunk sensory ganglia, suggests an important role for this isoform in 
synapse formation (Fig. 1E, b & data not shown). 3 51011 To assess the potential role of 
CRD-NRG-1 isoforms in neural development, we generated mice selectively lacking all 
NRG-1 isoforms that contain a CRD domain within the N-terminus. 

CRD-NRG-1 l * M embryonic stem (ES) ceils were isolated following homologous 
recombination with a mutated CRD-encoding exon that included a nonsense 
mutation/frameshift and a novel Xbal site inserted into the codon immediately 3' of the 
last methionine (Fig. 1B). These ES cells were used to generate germline chimeras 
following injection into mouse blastocysts. Male chimeras transmitting the mutant allele 
were used to produce fertile heterozygote offspring. 
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CRD-NRG-1 ( * M mice were interbred to produce homozygote CRD-NRG-1 ( H 
mice. In the resulting litters, cleaned, dead pups were consistently found among viable, 
healthy littermates (Fig. 1E. a). Genotype analysis identified the dead pups as CRD- 
NRG-I*"* (22% of first 132 PO pups) (Fig. 1C). As expected, mutant animals expressed 
both Ig-containing and mutant CRD-containing mRNAs (Fig. 1D). In situ hybridization 
revealed that the spatial and temporal expression pattern of the nonsense mutation 
containing-CRD-NRG-1 mRNA was not altered in the mutants (Fig, 1E, b vs. b\ & data 
not shown). 

CRD-NRG-I*"'"* pups were limp, and limb movement was not detectable (Fig. 1E, 
a). These pups did not breathe, rapidly became cyanotic, and finally were unresponsive 
to all stimuli despite the presence of a heartbeat for several minutes after birth. 
Histological analysis confirmed that hearts of CRD-NRG-1 W *> mice were normal but that 
the lung alveoli failed to expand confirming that CRD-NRG-1 W pups never take a 
breath (data not shown and Fig.lE. c vs. c'). 

Examination of PO mutant diaphragms revealed only remnants of nerve-muscle 
synapses (Fig. 2A. a vs. a ). Mutants had decreased skeletal muscle mass, and mutant 
skeletal muscle had central nuclei with prominent nucleoli compared to the elongated, 
eccentric, peripheral nuclei in control muscle (Fig. 2A. d vs. d' and data not shown). 
CRD-NRG-V''"* mice lacked an intra-diaphragmatic phrenic nerve plexus (Fig. 2A. a vs. 
a'). Bands of a-bungarotoxin faBgTx) positive acetylcholine receptor (AChR) clusters, 
reminiscent of end-plate zones, were present but abnormally broad (-6 times wider than 
littermate controls) (Fig. 2A. b vs. b "). These diffuse bands of AChR clusters, the 
absence of associated nerve, and the scattered neurofilament^) fragments indicate 
prior presence, and subseauent degeneration, of motor projections. Indeed, 
examination of diaphragms from E14.5. E15.5. E18.5. and PO mutant mice revealed 
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elaborate phrenic nerve arborization at E14.5 and progressive loss of these nerve fibers 
during subsequent stages of development (Fig. 2B, f vs. f , and data not shown). 
Phrenic nerve processes in E14.5 CRD-NRG-1'^mice were grossly abnormal with 
extensive defasciculation. aberrant axonai branching patterns, and projections extending 
as far as the most lateral borders of the diaphragm (Fig. 2B, f vs. f ). Although post- 
synaptic AChR clusters were sometimes detected subjacent to neurofilament^) and 
synaptophysin(+) structures in mutant E14.5 diaphragms, these clusters were typically 
more diffuse and more often devoid of associated nerve than age-matched controls (Fig. 
2B, g vs g'). 

A similar pattern of defective nerve-muscle interaction was detected in intercostal 
and limb muscle groups (e.g., scattered aBgTx(+)-AChR clusters and lack of co- 
localization with nerve; Fig 2B. e vs. e' and data not shown). Acetylcholinesterase 
(AChE), which is normally enriched at the site of nerve-muscle contact following the 
establishment of synapses, was scattered and faint in mutant muscle (Fig. 2A, c vs. c').~ 
16 Thus, in CRD-NRG-1 (M mice, motor axons initially extend to and contact the target 
muscle and some aspects of pre- and post-synaptic specializations were evident. 
However, as these preliminary synaptic interactions were not sustained, we next 
examined if the number of motor neurons was affected. 

Somatic motor neurons were visualized by in situ hybridization to the vesicular 
ACh transporter (VAT) mRNA. 17 The number of VAT(+) ceil bodies within the ventral 
horn of C1-C6 of E18.5 mutants was 60% less than that of controls (Fig. 3A. a vs. a\ b). 
A dramatic reduction in the diameter of peripheral nerves arising from motor pools at 
other spinal cord levels, including those within intercostal and hindlimb muscles, was 
also evident in E18.5 CRD-NRG- 1 animals compared to controls (Fig. 2B. e vs. e' and 
data not shown). Likewise. El 8.5. but not E14.5. cervical dorsal root ganglia and their 
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peripheral sensory projections were dramatically decreased in size in CRD-NRG-1 M> 
compared with control animals (Fig. 3B. d vs. d' and data not shown). The observed 
degeneration of peripheral sensory and motor nerve projections by E18.5 is likely to 
account for the abnormal morphology of forelimbs and absence of all limb movement, 
evident in both E18.5 and PO CRD-NRG-1 ( " M mice (Fig. 1E, a and data not shown). 

We next examined the development of the sensory and motor projections prior to 
arrival in their respective target fields. At E1 1, whole mount immunostaining of mutant 
embryos with (3-Tubulin III. a pan-neuronal marker, revealed that initial projections of 
both sensory and motor neurons were fasciculated (Fig. 4B, h vs. h'). 18 At later stages 
and at more caudal levels of mutant embryos, these terminal projections displayed 
dramatic defasciculation, aberrant and irregular branching, and markedly increased 
terminal sprouting (Fig. 3B. f vs. f ) Likewise, in caudal hindlimb muscle of older mutant 
animals, supernumerary terminal motor sprouts were visualized with VAT Ab staining 
(Fig. 3B, g vs. g'). The VAT(+) sprouts and AChR clusters, visualized as aBgTx "hot 
spots." were each detected without the complementary marker of nerve-muscle synapse 
formation (data not shown) Finally at later times and at more rostral levels of mutant 
embryos, the terminal projections of sensory and motor neurons were smaller, bulb- 
shaped, and compact, when compared to the more splayed nerve endings in control 
animals (Fig. 3A, c vs c : 3B. e vs e ). 

Taken together, these data indicate a temporal and rostral-caudal pattern 
whereby the initial trajectory ana outgrowth of peripheral nerves in CRD-NRG-1'" 1 mice 
are grossly normal. However, once within the terminal fields, projections defasciculate. 
displaying profuse and aberrant branching, and subsequently, appear bulbous and then 
fragmented, consistent with their ultimate retraction and degeneration. 
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P ripherai nerves projecting to their targets are lined by neural crest-derived 
Schwann cell precursors that express erbB3, p75 NGF receptor, and S100B. 19 20,21 At 
E18.5. mutant embryos lacked erbB3/p75-expressing cells in both dorsal and ventral 
roots (Fig. 3B t d vs. d' and data not shown). Likewise, S100P expressing cells were 
absent from intramuscular branches of the phrenic nerve in E14.5 mutant diaphragms 
(Fig. 2B. h vs h 1 ). Although erbB3(+) cells were detected along nerve roots in E1 1 
mutant mice, the progressive, rostral-caudal loss of these cells was evident by E12 (Fig. 
3B f h vs. h'; Fig. 4B. j vs. j'). The spatial pattern of Schwann cell precursor loss was 
revealed by examination of more caudal structures in older CRD-NRG-V* M animals. In 
peripheral hindlimb muscle of E18.5 CRD-NRG-V"" 1 mice, S100P(+) cells lined the 
VAT(+) axons and preterminal branches but were not detected at the site of VAT (+) 
nerve terminations (Fig. 3B. I) In contrast, in control embryos VAT(+) preterminal nerve 
branches and nerve terminations were always associated with S100P (+) staining (Fig. 

3B, r). 

Cranial sensory ganglia strongly express CRD-NRG-1 isoforms (Fig. 1E. b: Fig. 
4A, a. b. and data not shown) CRD-NRG-1. erbB3 and erbB4 mRNA have been 
detected in the peripheral targets of these gangiia. including vibrissa follicles (Fig 4A. c- 
e), 11 The fate of these neuronal populations and their associated erbB3(+) Schwann 
cells was significantly aiterea in CRD-NRG-1 '" M mice. Both neural crest and otic 
placode-derived cellular elements of cranial ganglia appear to form in CRD-NRG-1"** 
mice, but their initial projections were markedly less robust in mutants (Fig. 4B. h vs. h'). 
As cranial nerves enter their target fields, the pattern of nerve defascicuiation and 
extensive branching was seen (Fig. 4B, h vs. h ). The subsequent demise of cranial 
nerve projections was apparent by E12.5. and by E14.5. cranial gangiia (including the 



trigeminal and geniculate) and their associated nerves were dramatically reduced in size 
in CRD-NRG-1 H "> mice (Fig. 4B. i vs. \ and data not shown). Furthermore, cranial nerve 
projections were neariy devoid of associated Schwann cell precursors in CRD-NRG-1 '* M 
mice compared with controls i Fig. 4B. i vs. i' and data not shown). Examination of 
cranial nerves at earlier stages of development reveals the initial appearance and 
subsequent loss of erbB3(+) ceils along the ascending spinal accessory (N11n) nerve 
and the coalesence of vagus nerve (N10n) and in the ganglia and along the peripheral 
projections of the trigeminal (N5gj, geniculate (N7g), glossopharyngeal (N9g), and vagal 
(N10g) ganglia (Fig. 4B. j vs. j and data not shown). 

CRD-NRG-1 is expressea in VAT(+) cells of cranial motor nuclei, such as the 
trigeminal (N5N), facial (N7N). and dorsal motor nucleus of the vagus (Fig. 4A, f & g and 
data not shown). At E18.5 the number and distribution of VAT(+) neurons within the 
brainstem of CRD-NRG-1 embryos was abnormal with the most striking changes seen 
in the motor nuclei of cranial nerves N5N and N7N (Fig. 4B. k vs. k'; i vs. i'). Preliminary 
analysis of other VAT(+) neurons within brainstem and forebrain nuclei also indicates 
possible changes in deveioDment and synaptogenesis (D.W. ana L.W.R.. in 
preparation). 

In summary, CRD-NRG-1 ts an essential, nerve-derived component of peripheral 
synaptogenesis. The phenoiype associated with the, selective disruption of CRD-NRG-1 
mediated signaling is distinct from all other NRG-1 ligand or receptor knockouts reported 
to date. CRD-NRG-1"" mice aie within minutes of birth, unable to breathe due to the 
lack of functional phrenic nerve-aiaphragm synapses. The defects in CRD-NRG-1"" 1 
mice are evident as a temporal Degression and in a rostral-caudal pattern during 
embryogenesis. Thus, both motor and sensory nerve projections initially emanate from 
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hinclbrain to lumbar spinal cord levels. However, with the arrival of projections within 
their respective targets, mutant peripheral nerves branch extensively, and Schwann ceil 
precursors, initially associated with peripheral projections, do not survive. By parturition, 
CRD-NRG-V M mice have severe deficits in the number and extent of motor and sensory 
neurons, consistent with extensive neural degeneration. At birth, skeletal muscle targets 
display features of immaturity similar to those found in human myotubular myopathy. 22 
Genetic defects in a muscle phosphatase have been implicated in the severe X-linked 
form of this disease. 23 

,NRG-1 signaling has long been implicated as an important component for 
survival and differentiation during Schwann cell development. 213,19 Loss of Schwann cell 
precursors is a phenotype shared by CRD-NRG-1 ( ~ M and erbB3 null mice. 21 The early 
effects of postnatal axotomy on Schwann cell apoptosis are partially reversed by 
exogenous NRG-1 protein. 20 24 Furthermore, previous studies comparing NRG-1 ( ' H mice 
and lg-NRG-1 ( ' M mice led to the proposal that non-lg containing NRG isoforms might be 
required for Schwann ceil survival '* The unique neural specificity of CRD-NRG-1 
expression in mouse and the Drogressive loss of erbB3f+) Schwann cell precursors 
along peripheral nerve projections m CRD-NRG-1 '~ l mice implicate CRD-NRG-1 
isoforms as the essential, nerve-denved trophic signal for erbB3-mediated Schwann cell 
survival. 

Sensory and motor neurons are critically dependent on target-derived trophic 
support during early development :5:s Likewise, the development and terminal 
differentiation of target muscle requires interaction with motor nerve. The pnenotype of 
CRD-NRG-1 w> mice demonstrates that CRD-NRG-1 isoforms are necessary 
components comprising the reciorocal cascades of these cellular interactions. Birth, 
initial differentiation and penoherai projections of motor and sensory neurons proceed 
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apace in the absence of CRD-NRG-1 isoforms. Initial aspects of post-synaptic 
organization, such as clustering of AChRs in muscie. are also detected in CRD-NRG-1 w " 
mice. The AChR-cluster inducing signal, agrin. acts through MuSK receptor complexes 
in skeletal muscle. 2930 It is noteworthy that mice in which these genes are disrupted 
show abnormalities in neuromuscular junction formation, but motor projections neither 
withdraw nor degenerate. 29 30 

In contrast, the genetic disruption of CRD-NRG-1 results in both pre- and post- 
synaptic defects consistent with loss of reciprocal, inter-dependent nerve and target- 
derived trophic support. Furthermore, the target-derived support that appears to be 
required for the persistence of the incoming nerves is not constitutiveiy available but 
must be elicited by a nerve-denved signal. We propose that this nerve-derived signal is 
CRD-NRG-1 . As Schwann ceil precursors might also provide essential trophic support 
for developing nerves, and these ceils fail to survive in CRD-NRG-1 (M mice, it is 
possible that Schwann cell precursors and/or peripheral targets respond individually or 
synergisticaily to a common nerve-derived. CRD-NRG-1 -mediated signal that normally 
elicits context-dependent, trophic and synaptogenic cues. 
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METHODS 



Generation of CRD-/- Mice. A mouse 129/SV genomic library (Lamba EMBL3. 
Stratagene) was screened with a mouse CRD-specific probe. Positive clones were 
mapped and sequenced revealing that the CRD-domain is encoded by a single exon. 
PCR-mediated site-directed mutagenesis and standard protocols in molecular biology 
were used to create the targeting vector. ES cells were eiectroporated, selected for 
G418 resistance (150 ^g/ml active substance), and screened by Southern blot for 
homologous recombination. ES clones, in which homologous recombination resulted in 
replacement of one of the wiid-type NRG-1 alleles with the mutant gene, were injected 
in C57/BL6/J blastocysts. Chimeric mates were mated with 129/Sv females to generate 
heterozygotes on a pure 129/Sv background. 

RT-PCR. Total brain/spinal cord RNA was isolated using Trizol (Gibco BRL) following 
the manufacturer s protocol, and first-strand cDNA was made using Superscript II 
reverse transcriptase following the manufacturer s protocol (Gibco BRL). Mouse-specific 
primers and oligonucleotide probes corresponded to the following: from Genbank 
L41827. CRD 5' primer (549-565). CRD-probe (582-605); from Genbank u02318: Ig 5' 
primer (499-518), Ig/CRD 3' primer (885-903), egf-cyt primers (913-931), (1184-1203). 
Ig probe (608-631), TM prooe (1080-1 103). Note that all primer pairs span exon-intron 
boundaries. 

In Situ Hybridization and Cell Counts. In situ hybridization (ISH) probes were as 

follows: mouse probes specific for CRD domain (corresponding to Genbank AF045654. 
607-1206). PAN-NRG-1 (corresDonaing to Genbank AF045654. 867-1 277) ; erbB3 
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(corresponding to Genbank u29339. 3321-41 13), erbB4 (corresponding to Genbank 
L07868, 3088-3957), VAT (gift of Dr. J. Dedman: Genbank AF019045. 945-2157) or rat 
p75 NGF receptor (gift of Dr. Moses Chao). Embryos were fixed in 4% 
paraformaldehyde by transcardiai perfusion, followed by post-fixation overnight at 4°C. 
Following cryo protection in 30% sucrose, embryos were embedded in OCT and 12 jim 
sections were cut on a cryostat. ISH was done as previously described. 31 For cell 
counts, 10 jam transverse serial sections were cut through C1-C6 and stained for VAT. 
Total number of nuclei of VAT(+) cells in every sixth section was then counted. Counts 
between ages are not strictly comparable as total cell numbers were not corrected for 
split or multiple nucleoli. We fee) our counts reflect a conservative estimate of the ceil 
loss, as motor neurons with retraciea processes are included. Whole-mount ISH was 
done as previously described 32 

Histological Analysis and Immunostaining. Lung was fixed overnight in 4% 
paraformaldehyde and embedded in paraffin. 8um sections were cut and stained with 
H&E. Diaphragm was sanawicned between iiver. flash-frozen in liquid-nitrogen cooled 
isopentane. and 6 um sections were stained with H&E. AChE staining was done as 
described previously. 33 Whoie-mount immunostaining using monoclonal antibody to (3- 
Tubulin III (Sigma) was done as previously described. 34 After staining, embryos were 
dehydrated and cleared in ceaarwood oil. Whoie-mount diaphragm staining was done as 
previously described. 2930 Immunofluorescence labeling employed monoctonai anti- 
neurofilament NF-60 & 168 antiooaies (Sigma), anti-S100p antibody (DAKO), FITC- 
conjugated alpha btx (Molecular Probes), anti-synaptophysin antibody (gift of Dr. Pietro 
de Camilli). and rhodamine or F!TC-conjugated anti-mouse or anti-rabbit antibodies 
(Jackson Immunoresearch) 



LITERATURE CITED 



1. Fischbach G.D. & Rosen K M. ARIA: a neuromuscular junction/feuregulin. Annu 
Rev NeuroscL 20. 429-458 (1997). 



2. Marchionni M.A. et al. Neuregulins as potential neuroprotective agents. Ann. N. Y. 
Acad. Sci. 825, 348-365 (1997). 



3. Yang, X., Kuo, Y., Devay. P Yu. C. & Rofle, L.W. A cysteine-rich isoform of 
neuregulin controls the levei of expression of neuronal nicotinic receptor channels 
during synaptogenesis. Neuron 20/255-270 (1998). 



4. Ozaki, M., Sasner, M., Yanor R . Lu, H.S., & Buonanno, A. Neuregulin-beta induces 
expression of an NMDA/eceptor subunit. Nature 390. 691-694 (1997). 



5. Sandrock AW Jr. m al. Maintenance of acetylcholine receptor number by 
neuregulins atjme neuromuscular junction in vivo. Science 276, 599- 
603 (1997' 



6. Mardmonni M.A. et al. Glial growth factors are alternatively spliced erbB2 ligands 
expressed in the nervous system. Nature 362. 312-318 (1993). 



Wen D. et al. Neu differentiation factor: a transmembrane glycoprotein containing an 
EGF domain and an immunoglobulin homology unit. Cell 
69. 559-572 (1992). 



8. Holmes W.E. et al. Identification of heregulin. a specific activator of p185erbB2, 
Science 256. 1205-1210(1992). 



9. Falls, D.L. Rosen, K.M.. Corfas. G.. Lane, W.S., & Fischbach. G.D. ARIA, a protein 
that stimulates acetylcholine receptor synthesis, is a member of th^/neu ligand 
family. Ceil 72, 801-815 (1993). 



10. Ho, W.H.. Armanini M P Nuijens. A.. Phillips. H.S.. & Osperoff. P.L. Sensory and 
motor neuron-derived factor A novel heregulin variant/nighly expressed in sensory 
and motor neurons. J Biol Chem. 270. 14523-1453Z (1995). 



11. Meyer D. et al. isoform-specific expression ^nd function of neureguiin. Development 
124, 3575-3586 (1997). 



2. Kramer R. et al. Neureauuns with>en la-like domain are essential for 
mouse myocardial and neurcrjai development. Proc Natl Acaa Sci USA 
93. 4833-4838 (1996). 



13. Meyer D.. & Birchmeier. C Multiple essential functions of neureguiin in 



development. NAture 378 235-390 (1995). 



14. EricksonrS.L et al. ErbB3 is required for normal cerebellar and cardiac 
devefooment: a comoanson with ErbB2-ana hereauiin-deficient mice. 
BeveiODment 124. 4999-501 1 f 1997). 



15. Liu X. et at. Domain-specific gene disruption reveais critical regulation 
of neuregulin signaling by its cytoplasmic tail. Proc. Natl. Acad. ScL. in 
press. 



16. Hall Z.W. & Sanes J.R Synaptic structure and development: the neuromuscular 
junction. Ce//72Suppi. 99-121 (1993). 



7. Naciff J.M., Misawa H.. a Deaman J.R. Molecular characterization of the mouse 
vesicular acetylcholine transporter gene. Neurore^ort 8. 3467- 
3473 (1997). 



18. Easter, S.S. Jr.. Ross. L.S. & Frankfurter, A. Initial tract formation in the mouse 
brain. J Neurosci. 13. 235-299 (1293). 



"9. Jessen KR. & Mirsky R 'Trigm ana eariy development of Schwann ceils. Microsc 



Res Tech. 41 293-41 



998 j 



20. Gnnspan. J.Br, Marcnicnni M A Reeves. M.. Coutatogiou, M.. & Scherer. S.S. 
Axonai interactions regusate Schwann ceil apoptosis in developing peripheral nerve: 
neur^guiin receptors ana the roie of neuregulins. J Neurosci. 16. 6107-61 18 (1996) 



1. Riethmacher D. et a/. Severe neuropathies in mice with targeted mutations in the 



ErbB3 receptor. Nature 389. "5-730 (1997V 



22. Heliiweii, T.R., Ellis, I.H.. & Appleton. R.E. Myotubular myopathy: morphological, 
immunohistochemical and clinical variation. Neuromuscuf Disord. 8,/ 52-1 61 (1998). 



23. Laporte J, et ai A gene mutated in X-linked myotubular myopathy defines a new 
putative tyrosine phosphatase family conserved in yeast, fyat Genet. 13: 175-182 
(1996). 



24. Trachtenberg J.T. & Thompson W.J. Schwann cert apoptosis at developing 

neuromuscular junctions is regulated by glial growth factor. Nature 379. 174-177 
(1996). 



25. Oppenheim R.W. Ceil death during development of the nervous system. Annu Rev 
NeuroscL 14,453-501 (1991) 



26. Grieshammer, U., Lewandos^i M.. Prevette. D., Oppenheim, R.W., & Martin, G.R. 
Muscle-specific cell ablation conatttonai upon Cre-mediated DNA recombination in 
transgenic mice leads p massive spinai ana cranial motoneuron loss. Dev. Biol. 
197, 234-247 (1998' 



27. Jo. S.A.. ZhuvX.. Marchionm M.A.. & Buraen, S.J. Neuregulins are concentrated at 
nerve-muscie synapses ar,c activate ACh-receptor gene expression. Nature 373. 
158-16/ (1995). 



28yMoscoso L.M. et ai. Synaose-associated exDression of an acetylcholine 



receptor-inducing protein ARIA/hereauiin. a prl it^ P'itfitiv rt r™"pt^r> 



i6 



ErbB2 and ErbB3, in developing mammalian muscle. Dev Biol. 172 
158-169(1995). / 



29, DeChiara T.M. et al. The receptor tyrosine kinase MuSK is /equired for 
neuromuscular junction formation in vivo. Cell 85. 501-5/2 (1996). 



30. Gautam M. et al Defective neuromuscular synaptjzfgenesis in agrin-deficient 
mutant mice. Ce//85, 525-535 (1996). 



31. Wang, F., Nemes, A., Mendelsohn. M., Bk Axel. R. Odorant receptors govern the 
formation of a precise topographic map. Cell 93, 47-60 (1998). 



32. Streit A. et ai. Preventing the \jSss of competence for neural induction: 
HGF/SF, L5 and Sox-2. Development 1 24, 1191-1202(1997). 



33. Karnovsky, M.J. & Roots L A direct-coloring" thiochoiine method for 
choiinesterases.vO. Histocnem Cyiochem. 12. 219-221 (1964). 



34. Lumsden/A. & Keynes R Segmental patterns of neuronal development 
in the/6hick hindbrain. Nature 337. 424-428 (1989). 



17 



Figure 1 Disruption of CRD-NRG-1 gene products. / 

(A) Schematic diagram of p-form neuregulin-1 gene products (.p-forms diffeytrom a- 
forms in the EGF-like domain). Splice variants of the NRG-1 gene and ther various 
nomenclatures used in the literature are shown. a,b,c refer to three variants of the 
cytoplasmic domain. Ext, extracellular. Tm. transmembrane, CYTO/cytoplasm. 

(B) Schematic diagram of the wild-type CRD-containing allele, thfe targeting vector, and 
the mutated allele. The barbell indicates the site of the nonsense mutation/Xba I site. 
Arrow and circled X schematically indicate that the nonsepfse mutation creates a 
translation stop codon. Note that the neo cassette is inserted in the antisense orientation 
into the intron 3' to the CRD-exon. / 

(C) Southern blot analysis of genomic DNA. L^ft,. EcoRI/Eco RV double digest, with 
probe A; Right, Xba I digest, with probe B. / 

(D) Southern Blot analysis of cDNA to examine neonatal neuregulin-1 transcripts. Top. 
Schematic representation of CRD and/fg containing neureguiin-1 cDNAs. Arrowheads 
are per primers; solid bands are Ig^and TM otigo probes used for Southerns: hatched 
area is CRD-specific oiigo prober Note the presence of CRD-containing, lg-containing t 
and EGF-TM-cytopiasmic containing transcripts in CRD-NRG-T'* and CRD-NRG-1" 
mice and that CRD transcripts are digested with Xba I only in CRD-NRG-V" mice. 

(E) a Newborn CRD/NRG- V mice lack spontaneous movement and are cyanotic. b,b* 
Whole-mount in srtu hybridization with CRD-specific probe of Eli CRD-NRG-r* M4(M 
mice. N5g, twgeminai: N10g, vagal ganglia: sc. spinal cord: drg, dorsal root ganglia. 
c,c' Parajfin-section of PO lung stained with H&E. (c) asterisks indicate expanded 
alveojnn CRD-NRG-1** mice, (c') carets point to collapsed airspaces in CRD-NRG-1*'" 
(Twee. 
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Figure 2 Defective Neuromuscular Synaptogenesis in CRD-NRG-1 * mice. (M a,a' 
Immunofluorescence labeling :00X) of PO diaphragm with anti-neurofilanrtent antibodies 
(red) or with b,b* anti-neurofriament antibodies (red) & a-bungarotoxicr (aBgTx) (g re en). 
(a') arrows point to remnant neurofilament^) staining in mutants .^carets (b) and arrow 
(b') point to coiocalization of neurofilament and aBgTx stainina/ c f c' 
Acetylcholinesterase staining ; AChE) (400X) of PO diaphragtn. (c) carets point to strong, 
aligned AChE staining in controls, (c') arrows point to wefak, scattered AChE staining in 
mutant.' d,d' H&E staining of 'resh-frozen PO diaphragm muscle, (d) carets indicate 
eccentric, peripheral nuclei. (d f ) arrows point to central nuclei, (B) f,f 
Immunofluorescence with anti-neurofilament antibodies (red); e^g^' anti- 
neurofilament and anti-synaotophysin antibodies (red) & aBgTx (green); h,h* anti- 
neurofilament antibodies (green) & anti-S/IOOp antibody (red). (e t e') E18.5 intercostal 
muscle (400X), (e) asterisks cotnt out fSverlap of neurofilament and aBgTx, (e') arrows 
indicate examples where staining dpes not overlap. f,F E14.5 diaphragm (100X). (f) 
asterisks indicate normal bra~:.n/ng pattern of phrenic nerve and termination of 
intradiaphragmatic brancnes/- central region of muscle, (f ) arrows highlight 
defasciculated axons with/rreguiar branching patterns, repeated neurite crossings, and 
aberrant extension to me mcs: lateral edges of the diaphragm.. g,g J E14.5 diaphragm 
(400X). (g) asterisks indica:e m re organized endptate zone where nerve terminals 
overlie clusters off aBgTx-iaceea AChRs. (g') arrows indicate examples where 
synaptophy&m & aBgTx do ana do not overlap. Note disorganized endplate zone with 
nerve terminals approaching -ChRs from many directions and some nerve terminals 
passi/g over aBgTx staining n.h' E14.5 diaphragm (400XV arrows in (h) indicate 
S/foOB(+) cells along pennn— =^ nerves ah nrnt in |h') ■ ■ * 
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Figure 3 Abnormal projections and subsequent degeneration of peripheral nerves in 
CRD-NRG-1" mice. (A) a,a' In situ hybridization with vesicular ACh transporter (VAT)- 
specific probe of 10 fam sections through cervical enlargement of ElSyspinat cord 
(200X). b Number of motor neurons present in spinal cord levels Gfl -C6 in control and 
mutant embryos (n=3 for each age and genotype). c,c' Whole-mount immunostaining of 
E12.5 limb with p-Tubuiin 111 antibody (70X). (c) black and yeHow asterisks show splayed 
nerve terminations of spinal nerves and cutaneous sensory projections in controls, 
respectively, (c') black and yellow arrows indicate bulbous, compact terminations of 
spinal nerves and cutaneous sensory projections i/VCRD-NRG-l*'* mice, respectively. 
(B) d,d* In situ hybridization with erbB3-specific/probe of 10 jam sections through 
cervical enlargement of E18.5 spinal cord (22I0X). d asterisks indicate sensory root 
lined with erbB3(+) cells. d' arrows point/o the sensory root that is devoid of erbB3(+) 
ceils. e,e\f,f Whole-mount immunostaining of E12.5 embryos with p-Tubutin 111 antibody 
(70X); Imb, limb. (e,e') asterisks and arrows indicate the cervical sensory cutaneous 
projections, (f,f ) asterisks and /rrows point to trunk lateral cutaneous sensory 
branches, g,g' Immunofluorescence with anti-VAT antibodies of E18.5 hindlimb muscle 
green) (200X). Asterisks^) & arrows (g J ) arrows point to nerve terminals, h.h 1 Whole- 
mount in situ hybridization of E12 emoryos with erbB3-specific probe (70X). (h) 
asterisks point to erb3(+) staining aiong peripheral nerves emanating from caudal spinal 
cord levels, (h'/arrows point to peripheral nerves which show decreased erbB3(+) 
staining. Note that embryo in (h') is older than embryo in (h). Immunofluorescence 
with anti/neurofiiament antibodies (green) & anti-S100p antibody (red) (400X). (i) 
astewsks indicate colocaiization of neurofilament & S100P staining in nerve terminations 

control. (0 yellow arrows ooint to coiocalization of neurofilament and S100B along 
preterminal branches: white arrows ocmt to nerve terminations devoid of S100B staining. 



Figure 4 Hindbrain Deficits and Loss of Schwann cell precursors in CRD-NRG-1*'* irrfce . 
(A) a-b In situ hybridization of 10 um transverse serial sections of trigeminal garagiion of 
E14.5 embryos, (a) CRD-NRG-1 -specific probe (100X). (b) Pan-NRG-1-spa^fic probe 
(100X). c-e In situ hybridization of 10 ^m coronal serial sections of vibrissa follicles of 
E18.5 embryos, (c) CRD-specific probe (200X); (d) erbB3-specific DpObe (200X); (e) 
erbB4-specific probe (200X). f,g in situ hybridization of 10 jim co/onal sections of E18.5 
embryos with CRD-NRG-1 -specific probe, (f) trigeminal motor nucleus (200X) (g) facial 
motor nucleus (200X). (B) h, h' Whole-mount immunostaming of E1 1 embryos (70X) 
with anti-p-tubulin III antibody, (h 1 ) Arrows indicate the^onset of abnormal branching of 
cranial nerve projections N5n man & N7n. N5g, trigeminal; N7g/N8g, vestibulo-cochlear: 
N9g t petrosal; N10g, nodose ganglia; op, optbalmic, max, maxillary, man, mandibular 
branches of N5n, trigeminal nerve: N7n, facial; N10n, vagus; N11n, spinal accessory; 
N12n, hypoglossal nerve; C1,C2 cervical dorsal root ganglion and cervical spinal cord 
projections. i,P In situ hybridization with erbB3-specific probe of trigeminal ganglion of 
E14.5 embryos, (i) asterisks ylaicate peripheral projections lined with erbB3(+) cells. T- 
bar indicates the width of tferve ( 100X). (i') arrows point to the peripheral nerve 
projection in mutants >A00X). (j,j') Whole-mount in situ hybridization with erbB3- 
specific probe of 512 embryos (70X). (j) black and green arrows point to erbB3- 
positive cells ^flong N1 1n and its convergence with N10n and along peripheral nerve 
projections of cervical dorsai root ganglia, respectively. White arrows point to erbB3(+) 
positive cells in developing muscle, (j') black and green arrows point to the dramatic 
l^ss of erbB3(+)-staining along N1 1 n. the coalescence of N10n ; and along the 
projections of cervical dorsai root ganglia, respectively. White arrowhead ooints to the 
remaining erbB3 staining in developing muscle in CRD-NRG-1" mice. k,k\t,P In situ 



hybridization of E18.5 coronal sections through hindbrain witfr£vesicular ACh 
transporter (VAT)-specific probe. Note the red^ptWfun size of facial motor nucleus 
(SOX) (k vs k') and of trigeminal motoprrClcleus (200X) (I vs I') and abnormal cell 
migration (arrows, k') in CRp^FlRG-V'" mice. Aq, aqueduct of IVth ventricle, m, midline, 
LDT, lateral dorsa>^gmenal nucleus; PBr, parabrachial nucleus; N6n, abducens 



nucleus; Nfn, facial nucleus. Dottgj 



iTfifc the midline, m. 
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The present invention provides an assay for the determining 
the amount of her 2 receptor in a bodily fluid yxrom a 
subject and an assay for other heregulin receptors which 
comprises a) obtaining a bodily fluid from a sufcject or a 
sample from a subject (i.e. a brain punch biopsy, blood, 
serum, plasma, urine, etc.); b) contacting the sample with 
cells which are transfected with a reporter/construct (the 
construct being CRD-neuregulin with a cytoplasmic tail which 
has a detectable marker attached to it) y c) measuring the 
detectable label in the nucleus of the; cells and thereby 
determining the amount of her 2 recept9a: in the bodily fluid 
from the sample . 
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The neuregulin in the bodily fluid binds to a receptor on 
the surface of the transfectao cell and there will be 
cleavage of the external domafin and then cleavage of the 
internal cytoplasmic domain/ The cytoplasmic domain will 
then be translocated into/the nucleus and the detectable 
label will be available for detection in the nucleus. The 
detectable label may be/ green fluorescent protein or VP16 . 



Another assay which i/s provided for in the present invention 
is an assay which jcomprises obtaining a brain punch from a 
subject and performing immunohistochemistry on frozen 
25 sections or preserved sections of the tissue obtained using 
a detectably 2:abeled antibody specific for the cytoplasmic 
domain of /leuregulin and determining the percentage of 
nuclei thaft are showing label in the tissue sample. 



30 The nuclear targeting domain of neuregulin may.be found in 
Yaruzf et al . ^nd KQr r ^ g ^--^^^ =^-i rl rmmV^r- 23 0 (KTKKQRKK) . 
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